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RECENT PROGRESS IN THE MENTHONE CHEMISTRY 

JOHN READ* 

Univeraily of St. Andrews, Scotland 
INTEODUCTORY 


Menthol, or "mint camphor,” CioHjoO, was first recognized as a 
crystalline principle in 1771 by the Dutch botanist Gambius, who 
termed it camphora europaea menthae piperitidis. Its main 
source, the peppermint plant, which finds mention in the Skin- 
J-Ho (984) as Megusa, or eye herb, appears to have been culti- 
vated in Japan for more than two thousand years. For several 
centuries English peppermint enjoyed a wide reputation: the 
oldest specimens of Mentha piperita now extant were collected 
by John Ray in 1696; they were grown in Hertfordshire, and are 
now in the British Museum. At the present day, although 
peppermint is still cultivated at Mitcham and elsewhere in 
England, the peppermint industry centers mainly in the United 
States and Japan. In America, two well-known varieties of the 
peppermint plant have been derived from the original English 
stock, namely, the black mint {Mentha piperita vulgaris) and the 
white mint {Mentha, piperita officinalis) ; the former is favored for 
cultivation on accoimt of its hardy nature and productivity. 
Japanese and Chinese peppermint oils are distilled from two 
varietal forms of an entirely distinct species, known respectively 
as M. arvensis piperascens and M. arvensis glabrata (1). 

Until about 1920, only two primary substances had been used 
as points of departure in researches dealing with the structural 
chemistry and stereochemistry of the important group of homo- 
cyclic compounds centering around menthone: these substances, 
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in order of chronology aa well as of importance, are menthol and 
thymol. 

The first reference in the voluminous literature of the menthone 
series contains an account of an oil, CioHisO, prepared at Tokyo 
in 1881 by Moriya (2), who treated menthol from Japanese 
peppermint oil with chromic acid in a sealed tube at 120°. Al- 
though made by the oxidation of levo-rotatory menthol, the oil 
was optically inactive. In a note added to the paper. Prof. 
Atkinson made the correct suggestion that “menthol is a second- 
ary alcohol derived from a saturated closed chain hydrocarbon 
formed by the addition of six atoms of hydrogen to ordinary 
cymene, and that the oxidation product, CioHisO, obtained by 
Mr. Moriya, is the corresponding ketone.” Andres and Andreef 
(3) first succeeded in isolating menthone from peppermint oil in 
1892, although it should be noted that Moriya stated in his 
original paper that “it is not improbable that this substance, 
which holds the menthol (of peppermint oil) in solution, is the 
same body as that formed by the action of the chromic acid liquid 
upon the camphor.” 

A certain confusion was introduced at the outset into the 
chemistry of menthone by Beckmann’s discovery (4), in 1889, 
of the so-called “inversion” of the levo-rotatory ketone into a 
dextro-rotatory modification. 1-Menthone, prepared by a care- 
fully controlled oxidation of natural 1-menthol with chromic acid 
mixture, had a maximum rotatory power of [«]„ —28.46°, and 
was found to be substantially identical with the levo-rotatory 
ketone occurring in peppermint oils. The ketone recovered 
from a solution in cold strong sulphuric acid showed a maximum 
value of [a]„ -1-28.14°, while treatment with acid or alkaline 
reagents, or the action of heat alone, yielded specimens with 
intermediate optical rotatory powers. The assumed conversion 
of the levo-rotatory ketone into its enantiomer, which has been 
repeatedly expressed or implied in the literature (5), was rendered 
untenable by Beckmann’s further observation that the “inverted” 
ketone yielded an oily oxime possessing an optical rotation quite 
distinct from that of the crystalline and highly characteristic 
oxime of i-menthone. 
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The constitution (I) suggested for menthone by Semmler in 
1892, and now generally accepted, indicates that the ketone should 
be capable of existing in cis- and trans-formB (II and III), each 
characterized by molecular enantiomorphism: 




!H-CHMe, 

Menthones and 
isomenthones 

(I) 


H- 


-Pr^ Pr/S- 


l (ord) -Menthone 
(irons-) 

(ID 


d (or 0 -Isomen- 
thone (cis-) 

(IID 


The constitution thus provides for two ketones, menthone and 
isomenthone, each of which should occur in d- and /-modifications. 
Further, the two ketones should be interconvertible through a 
process of enolization, which would enable a ketone of each type 
to pass through a common enol-form in which the asymmetry 
of carbon atom (4) is temporarily aimuUed; since, however, carbon 
atom (1) remains asymmetric throughout the tautomerization, 
the optical activity of the molecule does not vanish in the process. 
The observed change of sign in the rotatory power indicates that 
levo-rotatory menthone passes into dextro-rotatory isomenthone, 
and vice versa. An equilibrium may thus be pictured, of the 
form /-menthone d-isomenthone, the proportions of the two 
stereoisomers being determined by the particular conditions: 


CH— Me CH— Me CH— Me 




H,d^H, 

hJ) io 

Hji i oH 

^ h,<!j io 


YprS 

Pr/J 

1 (or d) -Men- 

enol-l-Men- 

d (or 1) -Iso- 

thone 

thone 

menthone 

(IV) 

(V) 

(VD 


The value [ajn +28.14“, observed by Becknmnn, denotes there- 
fore a definite mixture of /-menthone and d-isomenthone. 
Originally there was a disposition to assign the os-configuration 
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(III) to menthone; but according to recent observations by Zeit- 
schel and Schmidt (6) this configuration should be allocated to 
isomenthone, in accordance with the Auwers-Skita rule that the 
hi^er density and refractive index are characteristic of the cis- 
isomer. A certain amount of support for this view is provided 
by Carter’s measurements of parachors (7), the values for d- and 
dZ-isomenthone being somewhat higher than for I- and dZ-men- 
thone. Nevertheless, the evidence is not wholly convincing, 
and the relative configurations of the two ketones here given can 
be regarded only as provisional until accurate physical deter- 
minations have been made for specimens of the active and inactive 
ketones of undoubted stereochemical homogeneity. 

Pronunent among the early derivatives of menthone to be dis- 
covered was Z-menthylamine, first prepared by Andres and 
Andreef (3), in 1892, by the reduction of ^menthoneoxime. A 
similar method was used by Wallach (8), who also prepared a 
stereoisomeric “R-menthylamine” by heating Z-menthone with 
solid ammonium formate; although dextro-rotatory, this base 
was shown to be distinct from the enantiomer of Z-menthylamine. 
No other menthylamine was described until 1913, when Wallach 
(9) prepared a so-called “t-menthylamine” by reducing cZZ- 
menthoneoxime: this base has recently been shown to have 
been heterogeneous, owing presumably to the occurrence of 
“inversion” during the oximation of the optically inactive 
ketone. 

In 1912, a considerable advance in the menthone chemistry 
was achieved by Pickard and Littlebury (10) as a result of their 
researches on menthols. When heated with phthalic anhydride, 
the menthols present in the complex mixtxire obtained in the 
catalytic hydrogenation of thymol yielded crystalline menthyl 
hydrogen phthalates. By a process of repeated fractional crys- 
tallization, followed by hydrolysis, it was possible to prepare 
from this product pure specimens of dZ-menthol (m.p. 34°) and 
dZ-neomenthol (m.p. 51°); moreover, by treatment with appro- 
priate optically active alkaloids, dZ-menthyl hydrogen phthalate 
and (ZZ-neomenthyl hydrogen phthalate were resolved into 
optically active components, thus yielding dr and Z-menthol 
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(m.p. 43°) and dr and 2-neomenthol (oils). Since 2-menthol 
and c2-neomenthol are Oxidized by chromic acid to 2-menthone, and 
d-menthol and 2-neomenthol to d-menthone, all these menthols 
must be regarded as derivatives of menthone (as distinct from 
isomenthone). 

The earlier literature of this subject contains many discon- 
nected and conflicting references to supposed derivatives of 
isomenthone. Among these, a publication by Beckmann (11) 
in 1909 proved later to be substantially correct. The crude liquid 
oxime of “inverted” 2-menthone furnished a supposed d-iso- 
menthylamine hydrochloride, having [a]D -hl7.7° in dilute 
aqueous solution; this material reacted with nitrous acid to yield 
a dextro-rotatory isomenthol, which upon oxidation passed into 
a ketone having [ajn -1-93.2°. 

Thus, in brief, the researches based on 2-menthol and thymol 
had succeeded in elucidating the main chemical relationships of 
2- and d2-menthone, of the derived 2-, d- and d2-menthols and 
-neomenthols, and of 2-menthylamine; but while important 
lacunse still existed in the menthone series, the whole field of 
isomenthone and its derivatives awaited a systematic exploration. 
According to Meyer and Jacobson (12), “es ware eine dankbare 
Aufgabe, die vier optisch aktiven und die beiden wahren race- 
mischen Modificationen von krystallisirbaren Menthon-Derivaten 
darzustellen imd unter besonderen Beriicksichtigung der moder- 
nen, von van ’t Hoff und Roozeboom vertretenen Anschauungen 
genau zu untersuchen, da dieser Fall von grundlegender Be- 
deutung fiir die Terpenchemie ist.” The considerable expansion 
of the menthone chemistry which has occurred during the last 
few years is due almost entirely to the introduction into this field 
of work of the Eucalyptus ketone, piperitone. 

PIPBRITONE 
History and occurrence 

The genus Eucalyptus, as pointed out by R. T. Baker and H. G. 
Smith (13), is of immense scientific and economic importance, 
on account of its timbers, essential oils, exudations and dyes. 
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It comprises about three-quarters of the vegetation of Australia, 
and embraces some three hundred species, each possessing dis- 
tinctive chemical characteristics. Since the examination by 
Cloez (14), in 1870, of the essential oil of E. globulus, the presence 
of more than forty different components, consisting mainly of 
terpenes and their derivatives, has been established in Eucalyptus 
oils. The classical researches of Baker and Smith (13) have 
shown that the eucalypts fall broadly into three main groups, 
distinguished chetoically by the composition of their leaf-oils 
and exudations (kinos) and morphologically by the leaf-venation. 


TABLE 1 

Characteristics of the three main groups of eucalypts 



QKOT7P X 

GROUP II 

GROUP in 

Main components 
of leaf -oil 

Pinene (bornyl 
acetate) 

Pinene, cineole 

Z-a-Phellandrene 
(geranyl acetate, 
f-piperitone) 

Leaf-venation 

Obtuse, ‘‘feather'* 
type 

Acute, with mar- 
ginal vein 

Acute, “butter- 
fly-wing" type; 
possibly two 

marginal veins 

Yield of oil 

To 0.5 per cent 

Intermediate 

To 4.5 per cent 

Examples 

E. corymhosa 

E. Smithii, 

E, globulus 

E. amygdalina^ 

E. dives, 

E. piperita 


the form and size of the cotyledons, etc. The more important 
characteristics which were elucidated in the course of these remark- 
able phytochemical researches are summarized in table 1 (15). 
According to Baker and Smith’s evolutionary theory, the older 
species of the first group originated in N. W. Australia; while 
the third group, which predominates in S. E. Australia and 
Tasmania, contains the most recently evolved species. 

Among the varied components of Eucalyptus oUs, only one has 
been discovered which possesses ketonic properties. It imparts a 
strong peppermint odor to the oils of the so-called “peppermint” 
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eucalypts, a species of which attracted attention at Port Jackson 
(Sydney Harbor) soon after Governor Phillip’s arrival in New 
South Wales, in 1788. The species is now known as E. piperita, 
or the Sydney peppermint, and the first Exicalyptus oil to be 
distilled was obtained from its leaves and used as a substitute 
for peppermint oil by Dr. White, Surgeon-General to the First 
Settlement. "The name Peppermint Tree has been given to this 
plant by Mr. White on account of the very great resemblance 
between the essential oil drawn from its leaves and that obtained 
from the Peppermint (Mentha piperita) which grows in England. 
This oil was found by Mr. White to be much more eflBcacious in 
removing all cholicky complaints than that of the English Pepper- 
mint, which he attributes to its being less pimgent and more 
aromatic. A quart of the oil has been sent by him to Mr. 
Wilson” (16). 

In 1900, the peppermint odor of this oil was shown by Smith 
(17) to be due to a ketone, which was not menthone as originally 
supposed (18); menthone, despite repeated statements to the 
contrary, has not been discovered in Eucalyptus oils. Subse- 
quently, the new ketone, now diagnosed as CioHigO, was recog- 
nized as a new substance under the appropriate name of piperi- 
tone (13). Piperitone has since been found, apparently always 
in the levo-rotatory form, in twenty-three species of Eucalyptus 
(19), having the general characters indicated in the third group 
of table 1. The maximum amount is found in the oil of the 
broad-leaved peppermint {E. dives), which may contain from 40 
to 50 per cent of the ketone, the chief remaining constituent 
being Z-a-phellandrene. The yield of oil from the green leaves 
and twigs of E. dives reaches about 4 per cent, and since the re- 
growth from the felled or lopped trees is particularly rapid, 
piperitone could be produced in almost unlimited quantity upon 
waste land in suitable regions of Australia (as well as in other 
countries); it should be noted, however, that certain varietal 
forms of E. dives are practically worthless for the production of 
piperitone (20). 

In 1921, a detailed examination of piperitone was undertaken 
by Read and Smith, with the later collaboration of Bentivoglio, 
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Hughesdon and Earl (21). During these researches, d-piperitone 
was discovered by Simonsen (22) in the essential oil of Andropogon 
Jwarancusa, a Himalayan grass; apparently also, it is the dextro- 
modification which occurs in the oils of Japanese peppermint 
(23) and Cymbopogon sennaarensis (24). It is interesting, more- 
over, that the pulegone of Mentha puUgium is replaced in M. 
pidegium var. hirsuta by f-piperitone (25). The ketone is also 




CL \ni 



Fig. 1. dZ-PiPBBITONB-a-OXIMB Fig. 2. d2-PlPERITONBi9-OXIMB 


said to occur in camphor oil, but the sense of the optical rotation 
is not stated (26). 

Piperitone was ultimately diagnosed as A^-menthenone-S. 
Owing to the discovery of its ready conversion to isomenthone, 
the new ketone provided a fresh and extremely effective point 
of departure for elucidating the chemical relationships of the 
menthones and their derivatives, its value for this purpose being 
enhanced by its availability in the 1-, d- and di-mo^cations. 
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Quite apart from the novel position of piperitone in the pure 
chemistry of the menthone series, its ready conversion to menthol 
and thymol {vide infra) lends it a pronounced economic interest: 
so that, altogether, this ketone may now be claimed as one of the 
most important of the alicyclic compounds. For this reason the 
chemistry of the substance calls for treatment in some detail. 

Characterization 

Piperitone gives rise to a number of crystalline derivatives of 
exceptional beauty and distinction, prominent among which are 



Fio. 3. Bbnzylidens-(^-pip£Ritone, Fig. 4. Benzylidenb-^-piperitonb, 
a-FORM /9-form 

the a-oxime (m.p. 118-9°), the /3-oxime (m.p. 88-9°) and the 
benzylidene derivative. Owing to the ease with which the active 
ketone racemizes, the derivatives are usually produced in the 
externally compensated form. The o-oxime (figure 1) and /3- 
oxime (figure 2), which crystallize respectively in the triclinic and 
monoclmic systems (27), are regarded as syrv- and anti-modifica^ 
tions. The a- and /i^semicarbazones melt at 226-7° and 174-6°, 
respectively. The ketPne also forms two hydroxylamino-oximes. 
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In the presence of alcoholic sodium ethoxide, piperitone condenses 
readily with aldehydes, giving rise to very characteristic deriva- 
tives. Benzylidene-di-piperitone (28) provides a remarkable 
example of enantiotropic dimorphism: the monoclinic, pale 
yellow a-form (figure 3) melts at 69-61°, and the rhombic, deeper 
yellow ^-form (figure 4) melts at 63-4°. The a-form is the 
stable modification at the ordinary temperature, but each form 
is readily prociuable in a state of complete freedom from the other. 
For diagnostic purposes, the preparation of anisylidene-d?-piperi- 



tone (m.p. 98°) is to be recommended (29); it forms pale yellow 
rhombic prisms (figure 5) , and does not display dimorphism. It is 
also useful to note that the oximes are readily soluble in dilute 
mineral acids, from which they may be recovered by the addition 
of ammonia. This behavior differentiates piperitone from several 
closely related ketones. 

Piperitone may be extracted from essential oils by means of 
hot aqueous solutions of sodium bisulfite or normal sulfite (30), 
but partial racemization invariably attends its liberation from the 
crystalline bisulfite compound. Racemization occurs also when 
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the active ketone is maintained at 200", distilled under atmos- 
pheric pressure, or treated with alcoholic sodium ethoxide (31). 
Fractional distillation of a piperitone-bearing oil under ordinary 
pressure yields the optically inactive ketone. Thus the only 
method which can be used to isolate specimens possessing the 
maximum rotatory powers of about [a]p® ±50° is that of repeated 
fractional distillation imder diminished pressure; products iso- 
lated in this way appear to contain some dl-piperitone (32), in 
addition to small quantities of other impurities (31). The active 
forms of the ketone are also difficult to characterize chemically: 
from f-piperitone a viscid oxime, having [aln +238° in benzene, 
has been prepared (31), 

Pure dl-piperitone, prepared through the bisulfite compound 
and the a-semicarbazone, had the following physical constants 
(33): b.p. 113° at 18 mm., 232-233° at 768.6 mm., dV 0.9331, 
Np 1.4845, [i?Jc 46.70. The calculated molecular refractivity 
for a ketone, Cjo Hi*0, with one double bond is 45.82, so that the 
exaltation is 0,88 unit. It is interesting that the observed value 
is almost identical with the value (46.76) calculated for an 
enolic form. 


Constitution 

The chemical identity of the ketone from the various sources 
which have been enumerated was inferred from a study of the 
oximes and other characteristic derivatives. In this way, a 
complete goniometric correspondence was established (27) be- 
tween specimens of the dZ-a-oxime prepared from the oils of E. 
dives (Australia) and A. Jwarancusa (India). Since he was able 
to reduce piperitone to dZ-menthol and oxidize it to thymol, 
Smith (13) recognized the substance as a menthenone-3. The 
disruptive oxidation of the ketone from Japanese peppermint oil 
(23) had yielded «-hydroxy-a-methyl-a'-isopropyladipic acid 
(VIII), 7 -acetyl-a-isopropylbutyric acid (IX) and a-isopropyl- 
glutaric acid (X), and closely similar results were obtained by 
Simonsen (22), using the Indian ketone. Thus, assuming (a) the 
chemical identity of the ketone from the various sources, and (5) 
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the absence of molecular rearrangement prior to oxidation, 
piperitone would be A‘-menthenone-3 (VII), a ketone which had 
been synthesized from 1,3,4-trihydroxymenthane and briefly 


described by Wallach (34) in 1908: 


CCH, 

C(OH)Me 

CO -Me 

COOH 



H,(^ 

H,<5^ 


Hsi COOH 

Hjdi COOH 

Hsci COOH 

5H ■ CHMe, 

• CHMe, 

• CHMe, 

• CHMe, 

Piperitone 

(VII) 

(VIII) 

(IX) 

(X) 


This conclusion concerning the constitution of piperitone was 
confirmed by Read, Smith and Hughesdon (35), by means of a 
method which utilized only mild reagents at the ordinary tem- 
perature and avoided any disruption of the ring. If dZ-piperitone 
has the constitution (VII), it is apparent that condensation with 
benzaldehyde cannot occur in position (2); whereas if the double 
bond is in any position except A*, condensation will be confined 
to position (2). The latter condition will also apply to the ketone 
obtained upon hydrogenating dZ-piperitone. The following two 
series of operations were accordingly carried out: (i) dZ-piperitone 
— » benzylidene-dZ-piperitone benzyl-dZ-isomenthone; (ii) dZ- 

piperitone —* dZ-isomenthone — » 2-benzylidene-dZ-isomenthone — ► 
2-benzyl-dZ-isomenthone. Since the two final products were 
distinct, piperitone is evidently the A*-ketone. 

Simonsen (22), suggested that condensation with aldehydes 
occurs in position (6), owing to the activation exerted by the 
adjacent ethylenic linkage; a similar activation had indeed been 
observed by Wallach (36) in the case of A‘-menthenone-3, which 
forms a 2,6-dibenzylidene derivative (XI). Later, however, it 
was shown by Earl and Read (29) (37) that behzylidene-dZ- 
piperitone yields a-isopropylglutaric acid (X), and not isopropyl- 
succinic acid, when oxidized with potassium per mangana te in 
cold acetone. It may therefore be concluded that condensation 
with aldehydes occurs in the 7-position, the system C:C-CO, 
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curiously enough, exerting its maxunum activating effect in the 
side-chain rather than in the ring: 


CHMe 

PhCH=d^^\=CHPh 

ni io 
^V^CHMe, 


6"^l!H=CHPh 

• CHMes 


2, G-Dibenzylidene-A^- 
menthenone-S 

(XI) 


7-Benz^lidene- 

piperitone 

(XII) 


In this instance there is no tendency to form a dibenzylidene 
derivative. It is of interest that the duplicated conjugation pre- 
sented by the molecule of benzylidenepiperitone, and indicated 
in formula (XII), is often associated with dimorphism (38). 

That piperitone is an a/3-unsaturated ketone is supported by 
the fact that its molecular refractivity displays the exaltation 
characteristic of menthenones of this type (39); moreover, it 
forms a hydroxylamino-oxime, and when reduced with sodium 
amalgam in aqueous alcohol gives rise to a so-called “bimolecular 
ketone” (13), characterized by Carter and Bead (40) as 1,1'- 
bismenthone: 


MeC 

h,<5^h, 

CMe 

h,(5^h, 

H,(!) (!:o 

Had; dio 

• CHMe, 

- CHMe, 


1, 1'-Bismenthone 
(XIII) 

This derivative, the formation of which is very characteristic of 
piperitone, exists in two externally compensated forms, m.p. 
166-7'’ and 136-6®. 

As an a^-unsaturated ketone, piperitone resembles other impor- 
tant components of essential oils, including pulegone, verbenone, 
carvotanacetone and carvone: 
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CMe 

h^\:h 

Hi (!! (!)0 

Piper it one 


CHMe 



Pulegone 


(XIV) (XV) 


CMe 

h<5^ \h 



Verbenone 

(XVI) 


CMe 



CHMe, 

Carvotan- 

acetone 


(XVII) 


CMe 



Me • C : CHi 
Carvone 


(XVIII) 


Non-conjugated structures, such as those presented by isopule- 
gone and dihydrocarvone, are also found in natural ketones of 
this class; but in such instances there is always a tendency towards 
isomerization into the more stable conjugated form. Although 
Eucalyptus piperitone is usually regarded as chemically homo- 
geneous, recent work (41) has indicated the possibility of the 
presence in it of an intra-annular tautomeride of A*-menthenone-3, 
such as the A*-ketone; this would be related to the A'-compound 
in much the same way as isopulegone to pulegone ; 


CHMe 

CHMe 

CMe 


H,</^H, 


Hjd: CH, 

H^: djo 

hJ; do 

I 

j 

1 

Me • C : CH, 

Me • C : CH, 

CHMe, 

DihydrocarTone 

Isopulegone 

A®-Menthenone-3 

(XIX) 

(XX) 

(XXI) 


Racemisation 



As already stated, the optically active forms of piperitone 
readily undergo racemization when submitted to the action of 
heat or alkaline reagents; the racemizing action of acid reagents 
is less marked (31). This behavior has been attributed to enol- 
ization, since this process annuls the asymmetry of the molecule: 
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CMe 



H 

O 

• CHMei 


X;e^o-Piperitoiie 

(XXII) 


CMe 

i • OH 

^d^CHMei 

enoJ-Piperitone 

(XXIII) 


It is evident that the racemization of pipeiitone is analogous to 
the “inversion” of Z-menthone (formulae IV, V and VI) ; in the 
latter process, however, the molecule retains its optical activity 
owing to the imdisturbed asymmetry of carbon atom (1), which 
in piperitone is symmetric. 

Oxidation 


The disruptive oxidation of piperitone has been reviewed in the 
discussion of its constitution; economically, however, the main 
interest centers around milder oxidative processes which leave 
the ring intact. Piperitone may be converted to thymol in vari- 
ous ways, notably by oxidation with ferric chloride in glacial 
acetic acid (42), by treatment with halogens (43), or by dehy- 
drogenation (43). Oxidation with permanganate yields a small 
proportion of diosphenol (24), and the ketone reacts with hypo- 
chlorous acid to form a crystalline chlorohydrin, m.p. 101-2® 
(43). 


Reduction 

When reduced with sodium amalgam in moist ether or aqueous 
alcohol, piperitone affords a mixture of l,l'-bismenthone, dl- 
isomenthol and dZ-menthol {vide infra); the yield of menthol is 
increased by xising absolute alcohol (24) (42). According to 
Smith and Penfold (42), the ketone is converted to dZ-menthone 
when hydrogenated in the presence of nickel at 180°, but the 
product also contains dZ-isomenthone (vide infra ) . Piperitone has 
been utilized successfully as a commercial source of dZ-menthol 
and also of thymol. 

Diuing reduction by any of the above processes, optically 
active piperitone undergoes a preliminary racemization, and thus 
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gives rise to externally compensated menthones and menthols. 
In 1922, however, it was shown by Hughesdon, Smith and Read 

(44) that when hydrogenated according to Skita's method, Z-pi- 
peritone yielded a highly dextro-rotatory product containing d- 
isomenthone. Most of the recent advances in the chemistry of 
the stereoisomeric menthones, menthols and menthylamines, 
which will now be discussed, followed from this discovery. 

THE APPLICATION OP PIPERITONE IN THE MENTHONE CHEMISTRY 

The menthones 

In contact with an aqueous medium containing colloidal pal- 
ladium, preferably at temperatures between 35° and 20°, Z-piperi- 
tone readily absorbs a molecular proportion of hydrogen and 
gives rise to an optically active mixture of menthones of reversed 
and enhanced rotatory power. Thus, in the original experiments 

(45) , a specimen of Z-piperitone having [ajn — 51.5° afforded a 
menthone with [«]» + 65.1°. That this product was not d- 
menthone was apparent from its high rotatory power, the maxi- 
mum value for Z-menthone recorded by Beckmann (4) being 
[ajn — 28.46°; since, in addition, the product showed a rapid 
decline in rotatory power when brought into contact with alkali, 
it was diagnosed as consisting essentially of d-isomenthone. This 
conclusion was confirmed by Read and Robertson (32), who 
showed that when submitted to the action of heat, alkaline 
reagents, etc., the hydrogenated product gave equilibrium mix- 
tures of (Z-isomenthone and Z-menthone closely similar to the 
mixtures afforded by Z-menthone under similar conditions. The 
equilibrium proportions of d-isomenthone formed through the 
action of alcoholic sodium ethoxide, heat (200°) and melting 
90 per cent sulphuric acid upon pure Z-menthone were later 
found to be about 30, 37 and 46 per cent, respectively (46). 
By hydrogenating d-piperitone, from the oil of Andropogon 
Jwaranmsa, a corresponding product composed mainl y of Z- 
isomenthone was obtained: this was converted by enolizing 
agents to mixtures of Z-isomenthone and d-menthone. Thus, the 
“inversion” of Z-menthone, originally observed by Beckmann (4), 
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represents one phase of a reversible process of the type; I (or d)- 
menthone d (or Z)-isomenthone. 

In order to prepare optically pure d-isomenthone, hydrogenated 
Z-piperitone was converted to d-isomenthol in the way described 
below; when carefully oxidized with chromic acid mixture, which 
was found to exercise only a slight “inverting” action imder the 
conditions adopted, this substance yielded d-isomenthone having 
[a]» + 91.7° (46). Since the highest value yet observed for 
Z-menthone is [ajo — 29.6° (32), Beckmann’s “inverted” Z- 
menthone, with the maximum value [ajo + 28.14°, presumably 
contained about 52 per cent of Z-menthone and 48 per cent of 
d-isomenthone. Z-Menthone predominates in all the equilibrated 
mixtures yet examined, but so far a literal inversion of the rota- 
tory power of d-isomenthone has not been observed. Specimens 
of optically pure isomenthones are difficult to prepare, owing to 
the sensitiveness of these substances to heat and other enolizing 
influences; the ketones are also difficult to characterize. d-Iso- 
menthoneoxime is a colorless, viscid oil, having njU 1.4830 and 
[aln + 45.1° in absolute alcohol; the most characteristic deriva- 
tive yet prepared is the oxime hydrochloride, which forms large 
transparent prisms, m.p. 132°, [ajo + 38.6° in chloroform (46). 
A study of the relationships existing between Z-menthone and 
d-isomenthone indicates (a) that the optical rotatory effect of 
carbon atom (1) is less than that of (4), and (b) that the optical 
effects of these two centers of asymmetry are opposed in the 
active menthones and conjoined in the active isomenthones. 

dZ-Isomenthone contaminated with dZ-menthone has been pre- 
pared by hydrogenating dZ-piperitone and also by oxidizing the 
mixture of menthols obtained when dZ-piperitone is reduced with 
sodium and alcohol (47) ; it }delds a characteristic oxime, which 
forms anorthic crystals (figure 6), m.p. 99-100°. The a-semi- 
carbazone melts at 219-20°. The pure ketone could obviously 
be prepared by oxidizing dZ-isomenthol (vide infra), but this has 
not yet been done. The “inactive menthone” prepared by Wal- 
lach (36) by hydrogenating synthetic dZ-A*-menthenone-3 was 
evidently a mixture of dZ-menthone and dZ-isomenthone (47), 
and the same statement applies to the product formed in the 
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hydrogenation of piperitone in the presence of nickel at 180° (42). 
Thus, Z-piperitone with [«]„ — 22.0°, when hydrogenated in this 
way, gave a product having [«]„ + 11.0° (1-dcm. tube), containing 
dl- and d-isomenthone and dl- and Z-menthone (45). 

It is interesting to note that neither dZ-menthone nor dZ- 
isomenthone can be obtained in any ordinary way by racemizing 
optically active menthones. In this respect the menthones differ 
markedly from the piperitones. Although the latter readily 
suffer racemization, once an optically active piperitone has been 
hydrogenated by Skita’s method the optical activity cannot be 



FiQ. 6. dt-ISOMBNTHONEOXIMB 

annulled. The exceptional value of piperitone in the menthone 
chemistry is largely bound up with the circumstance that it is 
available in the Z-, d- and dZ-forms, each of which leads directly 
to the corresponding forms of isomenthone and menthone. 

Much interesting work remains to be carried out with stereo- 
chemically pure specimens of the active and externally compen- 
sated forms of menthone and isomenthone. Notably, the accu- 
rate determination of physical data for the various ketones should 
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aid materially in settling the question of their relative molecular 
configurations. Moreover, d-menthone, which has hitherto been 
a very rare substance, has lately been rendered accessible from 
di-piperitone by way of d^menthylamine and d-menthol, as 
described below. 


Hydrogenation of menthenones 

The striking effect of hydrogenating piperitone rendered it of 
interest to apply Skita’s method to other optically active menthe- 
nones, particularly as Skita and Ritter (48) had stated that 
d-pulegone when treated in this way had yielded a “partly 
racemized d-menthone.” Table 2 (32) contains a summary of 
the results obtained upon hydrogenating the purest available 


TABLE 2 

Results obtained by hydrogenation of some optically active menthenones 


UBNTHKNONE 

1 

r 

OPMSNTHBNONB 

[al“ OT D*- 
BIVBO MIXTURB 
OF MENTHONBB 

PBRCENTAQB 
OP I80MBN- 
TRONB 

d-Pulegone 

+23 6’’ 
-78 4 
-63 9 
+62 5 

+33.6° 
+43 2 
+69.1 
-71.4 

62 

60 

81-76 

83-78 

i-A*-Menthenone-3 

^-Piperitone 

d-Piperitone 



specimens of d-pulegone, Z-A‘-menthenone-3, Z-piperitone and d- 
piperitone. The second of these ketones was prepared from l- 
menthol through the methyl ester of Z-menthylxanthic acid, by 
Tschugaev’s method (49), and d-pulegone was isolated from 
French oil of pennyroyal (Mentha pvlegium). 

The results of equilibration experiments showed that the first 
two products consisted of mixtures of d-isomenthone and Z- 
menthone. Hence it is clear that the spatial environment of the 
sole asymmetric carbon atom (1) of d-pulegone, as also of IrA*- 
menthenone-3, is analogous to that of the corresponding asym- 
metric carbon atom (1) of Z-menthone or d-isomenthone. This 
being so, the creation of the second assrmmetric carbon atom (4), 
which occurs during the hydrogenation, leads necessarily to a 
mixture of Z-menthone and d-isomenthone, i.e. to two substances 
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differing only in the as 3 Trunetry of carbon atom (4). In these 
instances, the qualitative composition of the products would not 
be affected by the occurrence of enolization during the hydrogena- 
tion. From the rotatory powers of the products from these two 
menthenones it is seen that they contain only a slight pre- 
ponderance of d-isomenthone over f-menthone. 


CMe 

CHMe 

CHMe 

CMe 





HjcIj (Ijo 

hJ; dio 

ni (!;o 

Hjd; (!:o 

• CHMej 


^V^CHMej 

• CHMea 

Menthone 

Pulegone 

A^-Menthenone-3 

Piperitone 

(XXIV) 

(XXV) 

(XXVI) 

(XXVII) 


Similarly, the spatial environment of the sole asymmetric 
carbon atom (4) of f-piperitone is analogous to that of the cor- 
responding asymmetric carbon atom (4) of d-isomenthone, which 
forms the main product of hydrogenation of the Eucalyptus 
ketone. The creation of the second asymmetric carbon atom (1) 
in the hydrogenation process should therefore lead to a mixture 
of d-isomenthone and d-menthone, since these two substances 
differ only in the asymmetry of carbon atom (1). The presence 
of df-isomenthone in the hydrogenation product of f-piperitone 
(45) must be ascribed to the presence of di-piperitone in the 
original ketone or to its partial racemization during the process 
of hydrogenation. In the latter event, simultaneous enolization 
of d-isomenthone would lead to the formation of some Z-menthone. 
It is therefore likely that the hydrogenation product of Z-piperi- 
tone contains dZ-isomenthone, dZ-menthone and Z-menthone asso- 
ciated with the main product, d-isomenthone. The results of 
equilibration experiments (32) indicate that the contamination 
consists largely of Z-menthone, produced by enolization during 
the hydrogenation. Assiuning the product to consist wholly 
of d-isomenthone and Z-menthone, the observed rotatory power 
corresponds to the presence of 81 per cent of the former substance; 
this proportion falls to 75 per cent if the product is considered 
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as a mixture of (f-isomenthone with (fMsomenthone and dl- 
menthone. A slightly higher proportion of Z-isomenthone was 
found in the hydrogenation product of d-piperitone, as shown 
in table 2. 

On comparing the two t 5 ^e 8 of hydrogenation, it is apparent 
that the stereochemical effect of asymmetric center (4) upon the 
additive process is much greater than that of asymmetric center 
(1). In practice, it was found that the hydrogenation occurred 
more rapidly with piperitone than with the other ketones. Of 
the four ketones under consideration, d-piperitone provides the 
only practical source of d-menthone by direct hydrogenation. 

Upon treatment with alcoholic sodium ethoxide, the crude 
hydrogenation products of 1-, d- and dZ-pip>eritone yield mixtures 
containing a maximum proportion of about 70 per cent of 1-, 
d- or dZ-menthone, respectively, and this appears to be the 
highest proportion of menthone (as distinct from isomenthone) 
which piperitone can yield by a direct process. In no case has a 
pure isomenthone been obtained by the direct hydrogenation of a 
menthenone; the pure d-, Z- and dZ- forms of this ketone are at 
present accessible only by oxidizing the corresponding isomen- 
thols, prepared as outlined below. 

The menthylamines 

The menthylamine constitution (XXVIII), since it includes 
three dissimilar asymmetric carbon atoms (1,3,4), demands the 
existence of eight optically active stereoisomers, together with 
four externally compensated forms. Two of these pairs of active 
forms will be derived from menthone (II above) and the remain- 
ing two pairs from isomenthone (III). Their nomenclative may 
be conveniently based upon the system devised by Aschan (50) 
and adopted by Pickard and Littlebury (10): the names are 
thus menthylamine, neomenthylamine, isomenthylamine and neo- 
isomenthylamine. A corresponding nomenclature applies to the 
four pairs of optically active menthols (vide infra). The spatial 
relationships are appropriately represented by the use of projec- 
tion formulas: 
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CMe 

1 1 

Me r H 

Me ^ H 

HsC • NH 2 

• CHMe, 

H- -Pr/9 

Pr/?- -H 

Menthylamines 

Projection nucleus 
for menthylamines 
and menthols 

Projection nucleus 
for isomenthyl- 
amines and iso- 
menthols 

(XXVIII) 

(XXIX) 

(XXX) 


Prior to the work under review, only two of the twelve possible 
menthylamines had been prepared in a state of purity: these, as 
pointed out in the introductory section, were f-menthylamine, 
prepared by reducing Z-menthoneoxime, and Wallach’s “R- 
menthylamiue” obtained (together with Z-menthylamine) by 
heating Z-menthone with ammonium formate (8). Although the 
second base is dextro-rotatory, it is not the enantiomer of Z- 
menthylamine. Later, Wallach (51) showed that while Z-men- 
thylamine reacted with nitrous acid to yield Z-menthol, the same 
reaction when applied to “R-menthylamine” furnished large 
quantities of a menthcne having [ajo + 55.44°. In the latter 
case the preliminary formation of a menthol was obviously fol- 
lowed by the elimination of water, and Wallach concluded that 
the groups — NHj (3) and —OH (4) occupy cis- and trans- 
configurative positions, respectively, in the molecules of “R- 
menthylamine” and Z-menthylamine. From its mode of forma- 
tion and its ready conversion to Z-menthol, the latter substance 
is obviously derived from Z-menthone; but whether “R-menthyl- 
amine” was to be regarded as a menthylamine or an isomenthyl- 
amine remained unsettled. 

A fuller study of the reactions between these two bases and 
nitrous acid (32) (52) has shown that Z-menthylamine yields 
Z-menthol associated with a smaller amount of partly racemized 
d-A*-menthene, and that although “R-menthylamine” furnishes 
the latter substance as the main product, a small proportion of 
Z-menthol is also formed. It follows that these two bases are 
menthone derivatives, to which, accepting Wallach’s conception, 
may be assigned the following relative molecular configurations: 
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Me-r-H Me-r-H 




I (or d)- 
Menthylamine 

(XXXI) 


NH,-h H 


H-^Pr/9 

d (or Z)-Neo- 
menthylamine 

(XXXII) 


“R-menthylamine” thus becomes d-neomenthylamine, and it 
may be prepared (through the crystalline formyl derivative) by 
heating Z-menthone, d-isomenthone, or any mixture of these two 
ketones, with ammonium formate. Similarly, Z-neomenthyl- 
amine (32) and dZ-neomenthylamine (53) have been made from 
the hydrogenation products of d-piperitone and dZ-piperitone, 
respectively. Z-Neomenthylamine is mo^^ easily prepared by the 
optical resolution of dZ-neomenthylamine with d-tartaric acid (54). 

The neomenthylamines form hydrochlorides which melt below 
200° and dissolve in light petroleum, and differ thereby from the 
other three families of menthylamines; in addition, they are 
distinguished by the beauty of their crystalline derivatives. The 
crystals of dZ-neomenthylamine hydrochloride (figure 7) are 
monoclinic and show no resemblance to those of the d-component 
(figure 8), which are also monoclinic; the externally compensated 
substance is therefore truly racemic. Formyl-dZ-neomenthyl- 
amine (figure 9) and formyl-d-neomenthylamine (figure 10) offer 
an exceptional crystallographic relationship: the crystals are 
orthorhombic and closely related; but while those of the d- 
component are holohedral, solutions of the dZ-compound deposit 
right- and left-handed hemihedral crystals which display a faint 
optical activity in alcohol. In this interesting case the crystal- 
lographic differentiation of d- and Z-forms appears to be facilitated 
by the presence in the solution of the opposite kind of mole- 
cule (55). 

The oxime prepared from Z-menthone in a faintly acid medium 
at the ordinary temperature is homogeneous, and when reduced 
it yields practically pure Z-menthylamine (32). The best experi- 
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mental conditions for the production of pure Z-menthylamine 
having been established under polarimetric control, similar 
processes were applied in preparing pure dZ-menthylamine: the 
principle of preliminary exploration with the aid of the polar- 
imeter, which is here manifest, was adopted repeatedly in^the 



Fig. 7. di-NKOMENTHYLAMINE 
HYDROCHLORIDE 



Fig. 8. d-NEOMENTHYLAMINB HY- 
DROCHLORIDE 



course of these investigations on menthones, menthols and 
menthylamines. df-Menthylamine (table 3) is readily accessible 
from di-menthol, through di-menthone and di-menthoneoxime; 
it reacts with nitrous acid to yield di-menthol and some di-A»- 
menthene (53). It is apparent that d-menthylamine might be 
prepared from d-piperitone by way of d-mentWe, but the best 


RECENT PROGRESS IN MENTHONE CHEMISTRY 


25 


practical approach to this valuable optically active base lies 
through d^menthylamine; it has recently been shown that when 
rfl-menthylamine is crystallized with d-tartaric acid the less 
soluble of the two diastereoisomeric acid salts is of the form 
dAdB. Pure d-menthylamine has therefore been prepared in 
this way (54). 

The hydrogenation product of Z-piperitone, consisting mainly 
of d-isomenthone, furnished a viscid liquid oxime, from which 


TABLE 8 

Preparation of certain atereoiBomeric menthylamineSf etc. 


2-Menthol 

T 

Z-Menthyl- 

aminef 

T 

2-Menthonc- 

oximef 


(22-Menthonet (pure), etc. 

T 

(22-Mentholt (table 11) 

T 

Formyl-2-men- 2-piPEBiTONB*t 
thylaminc I 

T 1 

2-Menthone*t^ d-Isomenthone*t d-Neoisomen- 

I I thylamine 

Fonnyl-d-neo- d-Isomenthoneoxime*t 
menthyl- 
amine^t 

i 

d-Neomenthyl- d-l8omenthylamine*t 
aminet I 

i 1 

d-A*-Menthene d- Isomenthol [+ d-A*-Men- 
[-h2-Menthol]t thene]*t 


d-lsomenthone (pure) 


upon reduction with sodimn and alcohol a new dextro-rotatory 
menthylamine was readily isolated (32). From the method of 
preparation, this base was regarded as d-isomenthylamine; its 
configurational resemblance to Z-menthylamine was confirmed 
by the observation (46) that in reaction with nitrous acid it 
yielded d-isomenthol, together with partly racemized d-A*- 
menthene, in the approximate ratio 2:1. By similar processes, Z- 
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and dZ-isomenthylamine were prepared from d- and dZ-piperitone, 
respectively (32) (63). 

The chief processes concerned in the preparation of the stereo- 
isomeric menthylamines are summarized in table 3. The opera- 
tions marked with an asterisk have been accomplished with 
both enantiomorphous forms of the substances concerned, and 
those in which the externally compensated substances also have 
been used are marked with a dagger. 

In searching for the remaining group of neoisomenthylamines, 
it appeared that since Z-menthone and d-isomenthone undergo 

TABLE 4 


Important derivatives of four menthylamines 


UBRIVAnVB 


MBNTHTLAMINKS 

Z- 

d-Neo- 

d-Iso- 

d-Neoiso- 

Hydrochloride 

m. p. 

>280 

189® 

>250® 

>250® 


I«l0 

-36 6° 

+21 5® 

+23 6® 

+20 9® 

Formyl 

m. p. 

102-103 

117-118 

45-46 

Liquid 


M. 

-83 8 

+53 8 

+31 3 

-3.9 

Acetyl 

m. p. 

145 

169-170 

77-79 

99-100 


[aln 

-81 7 

+53 0 

+30 7 

-2 6 

Benzoyl 

m, p. 

157 

121 5 

97-98 

151 


Mu 

-62 8 

+22.7 

+18 3 

-10.4 

Benzylidene 

m. p. 

6^70 

45-46 

67-68 

68-69 

1 

lain 

-132 5 

+61 7 

+90.7 

-34 2 

Salicylidene 

m. p. 

57-58 

99-100 

122 

99-100 


[alo 

-119.2 

+30 0 

+77.6 

-17.9 


“inversion” when heated with ammonium formate, the product 
should contain the iso-analogues of Z-menthylamine and d- 
neomenthylamine. A study of the derivatives of Z-, d-neo- and 
d-iso-menthylamine eventually led to an investigation of the 
mixture of salicylidene derivatives furnished by this product. 
d-Neoisomenthylamine, which was isolated as an outcome of this 
work (52), is a feebly dextro-rotatory base; but its derivatives, 
apart from the salts, are mainly levo-rotatory. The Z-form of this 
base could be prepared from d-piperitone, but the isolation of the 
dZ-base has so far proved impracticable owing to the lack of 
polarimetric guidance in this case (38). 
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Table 4 summarizes some of the more important derivatives 
of the four optically active bases under discussion, and indicates 
their striking similarity in certain respects. The rotatory powers 
were observed in water for the hydrochlorides and in chloroform 
for the other derivatives. 

Configurationally, d-neoisomenthylamine is closely analogous 
to d-neomenthylamine, since it yields partly racemized d-A*- 
menthene, and apparently a little d-isomenthol, when brought into 
reaction with nitrous acid. The following relative molecular 
configurations have accordingly been assigned to the isomenthyl- 
amines (52) : 


Me- 


NH,- 


Pr(J- 


-H 


-H 


-H 


d (or O-Iso- 
menthylamine 

(XXXIII) 


Me- 


Pr/9- 


H-h NH, 


-H 


d (or O-Neoiso- 
menthylamine 

(XXXIV) 


The circumstance that all four bases yield partly racemized 
d-A*-menthene, in varying amounts, when treated with nitrous 
acid, affords a proof of the similar spatial disposition throughout 
the series of the groups about carbon atom (1), which is the sole 
asymmetric center in A’-menthene. It will be noted that A*- 
menthene appears to be always formed, in lieu of neomenthol or 
neoisomentW, in these reactions. In the arguments which have 
been advanced, “the configurations which have been assigned to 
these substances are based largely upon the assumption that the 
stereoisomeride which passes most readily into a particular 
menthol when treated with nitrous acid is configurationally 

similar to that menthol Thus, ^menthylamine and 

d-isomenthylamine yield the largest proportions of f-menthol and 
d-isomenthol, respectively, when treated with this reagent. Ac- 
cepting these processes as the normal ones, the simultaneous 
formation of partly racemized d-A*-menthene takes place through 
a Walden inversion, leading to the intermediate production of 
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d-neomenthol aoad an optically active neoiBomenthol, respectively; 
these alcohols, since they possess a hydrogen atom (4) in the cis- 
configurative position to the hydroxyl group (3), then imdergo 
dehydration. The formation of partly racemized d-A*-menthene 
as the main product in the remaining instances of d-neomenthyl- 
amine and d-neoisomenthylamine is accordingly regarded as the 
normal procedure” (62). Recent investigations (56) have shown 
that d-neomenthylamine reacts much more rapidly than 1- 
menthylamine with acetic anhydride, propionic anhydride, ben- 
zaldehyde and anisaldehyde: additional support is thus lent to 
the relative configurations which have been deduced from the 
reactions with nitrous acid. 

All the menthylamines are liquids with a characteristic basic 
odor. Their physical constants, which have lately been deter- 
mined (56), are closely similar. They absorb carbon dioxide 
readily, forming solid carbonates. Three out of the four hydro- 
chlorides included in table 4 display almost identical rotatory 
powers in aqueous solution. In general, the properties of the 
stereoisomeric menthylamines are so alike as to prevent the 
separation of mixtures of these bases formed in the reduction 
of piperitoneoxime, etc. (53). 

The optical resolution of externally compensated menthyl- 
amines presents peculiar difficulties, which appear to be associated 
with the abnormal molecular rotatory powers exhibited in dilute 
aqueous solution by the salts of the optically active bases with 
strong optically active acids (54). Further light upon this 
interesting problem may be anticipated from a study of N- 
alkylated menthylamines and quaternary menthylammonium 
compounds (38). 

A comparison of the ten salicylidenementhylamines which are 
now known has shown that the derivatives of the menthylamines 
and isomenthylamines are phototropic, while those of the neo- 
and neoiso-menthylamines are not (52). The reversible color- 
change is shown most distinctly by salicylidene-Z- and -d-menthyl- 
amine, which are deep orange in bright light and pale yellow in 
subdued light. No other example of a phototropic distinction 
between stereoisomers appears to have been observed (57). 
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From the data summarized in table 4, it is seen that the deriva- 
tives of menthone (jtrans) possess greater rotatory powers than 
those of isomenthone (os). The optical relationships are more 



Fig. 11. Gbaphical Rbpbsbentation of the Specific Rotatory Powers of the 
Four Series of Stbreoisomsric Mbnthtlamines and Certain of Their 
Dbrivatiybs (see Table 5) 


fully evident from the graphical representation of figure 11, in 
which observations of specific rotatory power (56) are summarized 
for each base, without solvent (No. 1) and dissolved in chloro- 
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form (No. 2); for the respective hydrochlorides, dissolved in 
water (No. 3) ; and for 15 other derivatives of each base (enumer- 
ated in table 5), dissolved in chloroform (c = 1.0, approxi- 
mately). In order to simplify the representation, the values of 
[ajn observed for d-neo- and d-iso-menthylamine have been 
changed from positive to negative, so that the values in figure 
11 refer to 1-, (-neo-, f-iso- and d-neoiso-menthylamine, respec- 
tively. The following are among the more important general 
conclusions to be drawn from the diagram: 

(i) A generic relationship is shown by the four curves. 

(ii) The two bases derived from menthone (indicated by 
thicker lines) display a marked family likeness, and so do the two 
bases derived from isomcnthone. 

(iii) d-Neoisomenthylamine, in spite of the dextro-rotation 
shown by the free base and its hydrochloride, belongs to the 
f-series, and the dextro-rotation in question is in keeping with the 
general trend of the diagram. 

(iv) The bases of the f-series are characterized by the presence 
of the configurational unit, HINH 2 . 

(v) Apart from the anomaly created by the intrusion of d- 
neoisomenthylamine and its hydrochloride into the dextro- 
rotatory zone, reversal of the asymmetry of carbon atom (3), 
carrying the characteristic amino group, changes the sign of the 
optical rotation; on the other hand, reversal of the asymmetry 
of carbon atom (1) or (4) leaves the sense of the rotation unaltered. 

(vi) There is an increasing change in the magnitude of the 
optical rotation upon passing from Z-menthylamine in succession 
to Z-neo-, Z-iso- and d-neoiso-menthylamine: that is to say, in 
this sequence an increasing optical disturbance is created by 
reversing the asymmetry of carbon atoms (1) and (4) together; 
carbon atom (1) alone; carbon atom (4) alone; and carbon atom 
(3) alone. 

(vii) The curve of <Z-neomenthylamine forms a somewhat 
distorted reflection of the curve of Z-menthylamine, and the dis- 
tortion increases upon passing in succession to d-iso- and Z- 
neoiso-menthylamine. 

(viii) The lowest rotatory powers are given by iso- and neoiso- 
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menthylamine and their derivatives: the corresponding molecular 
configurations display, respectively, the greatest symmetry of 
distribution of like (H) and similar (Me and Pr/3) groups. 

An inspection of the optical rotatory powers of the acetyl 
derivatives of 1 -, d-neo-, d-iso- and d-neoiso-menthylamine (table 
4) shows that the sum of any two of the values is approximately 
equal in magnitude and opposite in sign to the sum of the other 
two. The additional observations summarized in table 5 indicate 

TABLE 5 


Values of [a]o for menthylamines and derivatives (in chXorofomiy unless otherwise 

indicated) 


REFEBXNCB NUMBER AND NAME 
or DERIVATIVE 

i- 

d-Neo- 


tf-Neoiso- 

2- -f 
rf-Neo- 

rf-lBO- + 
d-Neoiso- 

1 . Base (no solvent) 

- 43 . 2 ^ 

• fi 5 .r 

+ 28 . 8 *^ 

+ 0 . 28 *’ 

- 28 . r 

+ 29 . 1 ® 

2 . Base 

- 38.3 

+ 8.7 

+ 28.1 

+ 8.7 

- 29.6 

+ 36.8 

3. Hydrochloride (water). 

- 36.6 

+21 5 

+ 23.6 

+ 20.9 

- 15.1 

+ 44.5 

4 . Formyl 

-83 8 

+53 8 

+31 3 

- 3.9 

- 30.0 

+ 27.4 

5 . Acetyl 

-81 7 

+53 0 

+ 30.7 

- 2.6 

- 28.7 

+ 28.1 

6. Propionyl 

- 76.6 

+ 48.3 

+ 27.7 

0.0 

- 28.3 

+ 27.7 

7 . Butyryl 

-70 9 

+46 8 

+ 23.8 

- 1.0 

- 24.1 

+ 22.9 

8 . Isobutyryl 

-66 5 

+ 47.5 

+ 22.8 

- 3.7 

-19 0 

+ 19.1 

9. Valeryl 

-64 7 

+42 8 

+ 27.0 

- 4.1 

- 21.9 

+ 22.9 

10 . Caproyl 

- 60.0 

+40 0 

+ 24.9 

0.0 

- 20.0 

+ 24.9 

11 . Capryl 

-53 2 

+ 36.7 

+23.3 

-1 2 

- 16.5 

+ 22.1 

12 . Chloroacetyl 

-71 9 

+50 7 

+30 0 

- 9.8 

- 21.2 

+ 20.2 

13. Bromoacetyl 

-61 6 

+40 9 

+ 30.3 

- 7.5 

- 20.7 

+ 22.8 

14 . Phenylacetyl 

- 60.4 

+34 5 

+33.3 

- 3.4 

- 25.9 

+ 29.9 

15 . Benzoyl 

-62 8 

+22 7 

+ 18.3 

- 10.4 

- 40.1 

+ 7.9 

16 . Anisoyl 

- 57.7 

+ 21.1 

+25 3 

- 9.5 

- 36.6 

+14 8 

17 . Benzylidene 

- 132.5 

+61 7 

+90 7 

-34 2 

-70 8 

+ 56.5 

18 . Salicvlidene 

-119 2 

+ 30.0 

+ 77.6 

- 17.9 

- 89.2 

+ 59.7 


that this curious relationship holds generally for derivatives of the 
type R-CHfCO-NH-R', and for the free bases; it obtains, 
moreover, for [a]M6i, as well as for [aln. When R is phenyl and 
the adjacent methylene group is simultaneously eliminated, the 
relationship fails; also, it is not evident in derivatives of the 
type R-CH:NR'. Thus, with derivatives of the type R-CH*- 
CO-NHR', if three of the values of [oId are known, the fourth 
value can be calculated empirically with a close approach to 
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accuracy. The result suggests the operation of a principle of 
optical superposition among these stereoisomeric series of deriva- 
tives, and this matter may now be discussed. 

Selecting a suitable derivative, e.g. the acetyl derivative, and 
superposing the four configurations in question (XXXI, XXXII, 
XXXIII and XXXIV), it is seen from table 5 that the algebraic 
sum of the four values of [aln approximates to zero. In the process 
of superposition, the optical effects of the asymmetric groups 
(3) and (4) would appear to undergo a mutual neutralization, 
owing to the opposed spatial dispositions of these groups in the 
various molecules. The possibility of such an annulment is not 
immediately obvious, however, for the asynunetric group (1), 
which has the same spatial disposition (i.e. Me|H) in all four 
configurations. Unless the approach to a zero value is purely 
fortuitous, which appears improbable, a simple explanation may 
be sought in the assumption that the asymmetric group (1) exerts 
a numerically constant rotational effect in all four configurations, 
the positive or negative sense of which is determined by the 
nature of the attached complex group {vide infra). If, in two of 
the four instances, the effect is negative, and in the other two 
positive, the origin of the zero value is explained. 

By taking the mean optical rotation of the I- and d-iso-acetyl 
derivatives, the rotational effect of the asymmetric group (1) is 
evaluated at 25.5 units, and the mean optical rotation of the Z-neo- 
and Z-neoiso-acetyl derivatives gives the almost identical result, 
25.2 units; the average value is thus 25.4 units. Similarly, 
the average value for the combined rotational effect of the remain- 
ing asymmetric centres, (3) and (4), is 56.2 units for efs-H and 
27.8 units for trans-B.. By adding —25.4 units to —56.2 and 
+56.2 units, respectively, the values of [aln for the Z- and cZ-iso- 
acetyl derivatives are regained; correspondingly, the values for 
the Z-neo- and Z-neoiso-acetyl derivatives are regained by adding 
—25.4 units to —27.8 and +27.8 units, respectively. 

Proceeding now to a generalization, it seems that in each of the 
eight stereoisomeric acetyhnenthylamines the asymmetric group 
(1) has a constant value of 25.4 units of specific rotational power 
(in chloroform solution, for sodium light). When the configura- 
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tion MelH is attached to HNHAc or to NHAcH it exerts a 

HPr^ Pr/3H 

levo-rotatory effect; but when the same configuration is attached 
to H NHAc or to NHAcjH its effect, although equal in magni- 
Pri8H ■ HlPr/S 

tude, is dextro-rotatory. Further, the complex asymmetric groups 
HjNHAc and HlNHAc have respective constant values of 
HlPr^ Pr/SIH 

—56.2 and —27.8 units of specific rotational power. From the 
three constants, 25.4, 56.2 and 27.8, it is possible to calculate 


TABLE 6 

Specific rotational values ([ajo in chloroform, unless otherwise indicated) for asym^ 
metric groups in the menthylamines and some of their derivatives 


REFKRKNCE NUMBER AND NAME 

OF DERIVATIVB 

MelH 

H|NHR 

HlPr/S 

H|NHR 

Pr/SlH 

HINHR 

HlPr/J 

1. Base (no solvent) 

±7 

1 

5 

-36 

0 

-7 

4 

-21.7 

-14.3 

4. Formyl 

25 

6 

-57 

6 

-28 

9 

-43 3 

-14.4 

5. Acctvl 

25 

4 

-56 

2 

-27 

8 

-42 0 

-14.2 

6. Propionyl 

24 

3 

-52 

.2 

-24 

2 

-38 2 

-14.0 

7. Butyryl 

23 

2 

-47 

4 

-23 

9 

-35 7 

-11.8 

8. Isobutyryl 

21 

9 

-44 

7 

-25 

6 

-35.2 

-9.6 

9. Valeryl 

19 

1 

-45 

9 

-23 

5 

-34 7 

-11.2 

10. Caproyl 

18 

8 

-42 

5 

-20 

.0 

-31.3 

-11.3 

11. Capryl 

16 

4 

-38 

3 

-19 

0 

-28 7 

-9.7 

12. Chloroacetyl 

20 

7 

-51 

0 

-30 

3 

-40.7 

-10.4 

13. Bromoacctyl 

16 

2 

-46 

0 

-24 

2 

-35 1 

-10.9 

14. Phenylacetyl 

14 

6 

-46 

9 

-19 

0 

-33 0 

-14.0 


the value of [ajo for any acetylmenthylamine whose relative 
molecular configuration is known. A similar statement applies 
to any menthylamine derivative of the type R-CHj-CO-NHR' 
which has been examined up to the present (see table 6). As an 
illustrative example, the configuration of acetyl-d-menthylamine 
may be selected: HMe The complex configurational unit 

NHAcH . 

Pr^H 

NHAc|H has the value 4-56.2; MelH attached to it has the value 
Pr/SH 

—25.4, so that obviously the value for H|Me is 4-25.4. Thus, 
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only. Briefly, in each of these two cases the molecule behaves as 
a system of two asymmetric centers; that is, groups (3) and (4) 
act as a composite center when their mutual configurational 
relationship undergoes no change. 

But when one only of the groups (3) and (4) is turned through 
180°, two adjustments have to be made, because the asymmetry 
of the turned group is reversed with respect to both of the other 
asymmetric groups. Thus, the rotational value of group (1), as 
well as that of the turned group, has to be reversed, since the 
molecule behaves in this instance as a system of three distinct 
asymmetric groups. 

These conclusions are closely bound up with the circumstance 
that there is no alteration in the immediate environment of group 
(1), or in that of the composite group (3) and (4), when either 
of these two configurational units is turned through 180°. 


TABLE 10 

Physical characteristics of the known menthols 



MENTHOLS 

NEOMENTHOLS 

180MENTHOLS 



U 

dU 

d- 

U 

dl- 

d- 

l- 

dl- 

m. p 

43'’ 

43° 

0 

CO 

oil 

oil 

51° 

81 5° 

80 5° 

53.5° 

1«]d 

+49°| 

-49° 


+19 6" 

-19 6° 


+27 0° 

-24 1° 



(in alcohol) | 

(no solvent) 


1 (in alcohol) 



The sense of the optical rotational influence exerted by each 
of the three asymmetric groups in the molecular configurations 
of the substances which have been discussed may be summarized 
as in table 9. 

The menthols 

As already indicated, the three stereoisomeric forms of ordinary 
menthol were first made available through the work of Pickard 
and Littlebury (10), and it has been shown in the preceding sec- 
tion that d-, I- and dWsomenthol may be prepared from 1-, el- 
and dl-piperitone, respectively, through the corresponding iso- 
menthylamines (table 3). The physical characteristics of the 
known menthols are smnmarized in table 10. 

From their apparent relationship to the menthylamines, out- 
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lined above, the menthols have been provisionally assigned the 
following relative molecular configurations (58) : 



Xi 

ivxe — 

— 11 

ivie — 

— Xl 

iVlL* 

H— 

?-OH 

HO— 

— H 

HO— 

— H 

H— 


i-Pr/S 

H — 

— Pr/S 

Pr/S — 

-H 

Pri8— 


l (or d)- 
Menthol 


d (or /) -Neo- 
menthol 


d (or 0 "Iso- 
menthol 


d (or 0-Neo- 
isomenthols 


(XXXV) (XXXVI) (XXXVII) (XXXVIII) 


Vavon and Couderc (59) consider — OH(3) to be in the trans- 
position to — H(4) in neomenthol, since this alcohol esterifies more 
slowly than menthol. Zeitschel and Schmidt (6), however, found 
that neomenthol is dehydrated much more readily than menthol, 
forming A’-menthene. The balance of the evidence thus appears 
to favor the configurations given above. The externally com- 
pensated forms of menthols and isomenthols have lower melting 
points than their active components, but in the neo-series this 
relationship is reversed; possibly, therefore, di-neoisomenthol 
will prove to possess a higher melting point than its active com- 
ponents. The melting-point curve of mixtures of d- and l- 
isomenthol is typical of a conglomerate (46). Various unsub- 
stantiated references to racemic menthols and menthones have 
been made by Bedos (60), Fleury and Seel (61) and others, but 
up to the present the neoisomenthols appear not to have been 
prepared. 

The main approach yet discovered from optically active 
piperitone to optically active menthol is by the route: I (or d)- 
piperitone — > I (or d)-menthone — > I (or d)-menthoneoxime -♦ I 
(or d)-menthylamine — » I (or d)-menthol (table 3) ; alternatively, 
the menthone may be reduced with sodium and alcohol. The 
practical value of these processes is seriously impaired by the 
circumstance that I (or d)-menthone prepared in this way is 
associated with d (or Z)-isomenthone. dZ-Menthol, however, may 
be prepared from piperitone by direct reduction {vide infra) ; and 
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since rfZ-menthol is also available from other primary sources, 
such as TO-cresol and thymol, the most satisfactory method at 
present apparent for the production of d-menthol departs from 
df-menthol and proceeds by way ©f df-menthone, dZ-menthone- 
oxime, dZ-menthylamine and d-menthyl amine {vide supra). The 
preparation of d-menthol in quantity by the direct optical resolu- 
tion of dZ-menthyl hydrogen phthalates (10) is impracticable.* 
Piperitone may be reduced electrolytically to isomen thone (62), 
and no doubt the reduction might be intensified to yield menthols. 
When active or externally compensated piperitone is reduced with 


TABLE 11 

The conversion of dl-piperitone into dl-nienthone 

dZ-PIPERITONE 


(■odium 4* alcohol) 


di-Isomenthols + dZ-Menthols 


(catalytic hydrogenation) 

— di-Isomcnthone + dZ-Menthone 
(sodium -f alcohol) 

I 

(iZ-Isomenthols + dZ-Menthols 

(separate) 

I 

d/-Menthol 
(chromic acid) 

i 

di-Menthone (pure) 


sodium and alcohol it yields a mixture of inactive menthols 
consisting chiefly of isomenthols (47), but containing a little 
dZ-menthol (46). The yield of dZ-menthol may be improved by 
oxidizing the product and reducing the equilibrated mixture of 
dZ-menthone and dZ-isomenthone; alternatively, the last-named 
mixture may be prepared by the catalytic hydrogenation and 
electrolytic reduction of dZ-piperitone. By separating and oxidiz- 
ing the crystalline dZ-menthol, it is thus possible to pass from dZ- 

* A novel method for the preparation of d-menthol from dZ-menthol, in useful 
quantities, has recently been devised in the S. Andrews laboratories (38). 
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piperitone to pure (22-menthone. The main operations are sum- 
marized in table 11. 


Menthenes, menthadienes and menthenols 


Since d-A’-menthene is formed by the action of nitrous acid 
on 1-, d-neo-, d-iso- or d-neoiso-menthylamine, the enantiomers 
of these bases would yield Z-A’-menthene. In all these instances 
the hydrocarbon is partly racemized, e.g. the product from 
d-neomenthylamine (52), having fa]„ + 58.6“ (in ether), contains 
almost 80 per cent of d-A®-menthene, assuming that the value 
+ 106.6° of a specimen prepared by Tschugaev’s xanthic ester 
method (32) is characteristic of the optically pure substance. 
Partly racemized A*'-menthenes are produced also by the action 
of thionyl chloride, phosphorus chlorides and other dehydrating 
agents upon menthols (6) (63) ; thus, Z-menthol when treated with 
phosphorus trichloride yielded d-A*-mcnthene with [ajo +22.3“ 
(64). Wallach prepared a specimen having [a]© +89.3“ by 
distilling Z-menthyltrimethylammonium hydroxide (51); more 
recently, Patterson and McAlpine (65) have shown that feebly 
dextro-rotatory A’-menthene is produced by distilling Z-menthyl- 
benzene sulfonate under diminished pressure: 


CHMe 

ad: d:H ■ o • so,Ph 
• CHMea 

2-Menthylbenzene 

sulfonate 

(XXXIX) 


CHMe 

H2(^^H2 

I I + Ph • SO,H 
H 2 C CH 

V CHMe, 

A*-Menthene 

(XL) 


The action upon Z-menthone of magnesium methyl iodide has 
been examined by Wanin (66) and also by Zelinsky (67); and 
Murat (68) apphed magnesium phenyl bromide to the same 
ketone. Recent work in this field (43) has shown that both Z- 
menthone and d-isomenthone react with magnesium methyl, 
ethyl and phenyl halides to form 3-substituted menthan-3-ols; 
these tertiary alcohols, when heated with anhydrous oxalic acid, 
undergo dehydration to produce 3-sub8tituted A’- menthenes: 
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CHMe 

CHMe 

CfIMe 

i 1 

HsdYjH, 

HjdYlH, 

1 1 

HjC CO 

^ Hs(!: i(OH) • R " 

H,C CR 

Yl • CHMes 

'Y • CHMe, 

Y^CHMe, 

Menthones 

3-Homologues of 
menthanol-3 

3-Homologues of 
A^-menthene 

(XLI) 

(XLII) 

(XLIII) 


From the data summarized in table 12, it is seen that the two 
ketones give rise to distinct products; these, however, cannot 
be regarded as stereochemically homogeneous. The alcohol in 
each case is probably a mixture of four of the eight possible 
optically active modifications of constitution (XLII), and the 
hydrocarbons (especially those from d-isomenthone) appear to 
be partly racenxized homologous menthenes (XLIII). 

Piperitone, in reaction with Grignard reagents, was found to 
yield 3-alkyl-l,3-terpinenes directly, the intervening mcnthenols 
not being isolable. This result points’ to the interesting conclu- 
sion that a ready elimination of water occurs from these homo- 
logues of piperitol (XLV), owing to the activation of the tertiary 
hydroxyl group by the adjacent ethylene linking: 


CMe 

Hsc!; io 

• CHMea 
Piperitone 

(XLIV) 


H-C (l:(OH) • R 
• CHMes 

Hypothetical inter- 
mediate menthenols 

(XLV) 


CMe 

Hat*: (!:r 
Y CIIMea 

3-Homolo|0;ues of 
1, 3-terpinene 

(XLVI) 


In no case was any action observed to occur between magnesium 
isopropyl iodide and piperitone or menthones, possibly owing 
to steric hindrance. 

Hydrogenation of the above unsaturated hydrocarbons would 
lead to 3-substituted menthanes. In addition, evidence is forth- 
coming (38) which indicates that isomeric series of substituted 
menthanols, menthenes and menthadienes may be rendered acces- 



RECENT PROOBESS IN MENTHONE CHEMISTRY 


41 


sible by applying Grignard reagents to tetrahydrocarvone, dihy- 
drocarvone, carvotanacetone, pulegone, etc. Moreover, from 
carvone it may prove possible to pass to 2-substituted homologues 
of p-cymene, by isomerizing unsaturated hydrocarbons formed 
by Grignardizing the ketone. 

BIOGENETIC RELATIONSHIPS 

Close structural relationships are often observed to exist 
between the, individual components of a particular essential oil; 
moreover, striking parallels may be discerned in many instances 
between groups of substances occurring in two or more oils from 


TABLE 12 

Mcnthanols and menthenes derived from Umenthone and d-^isomenthone 


KKTONC 

SUBBTITUKNT 

loljj OF BUBRTITUTED 
MKNTHANOL 
(1-DCM. tube) 

(alp OF SUBSTITUTED 
MENTHENE 


Me 

-6 5** 

+62.8“ 

i-Menthone, 

Et 

+ 1 5 

+39.2 

Hd -25.7“ 

n-Pr 

-0.7 

+35.9 


Ph 

-22.9 

+43.5 

d-Isomenthone (from f 

Me 

+27 0 

+17.9 

f-piperitone) ■! 

Et 

‘ +22 0 

+6.8 

[al„ +69 9° [ 

Ph 

+0 4 

+ 16.3 


related species. The consideration of analogies of these two 
general types leads invariably to the idea of a common mechanism 
of formation, i.e. to the derivation in the plant of related sub- 
stances from common chemical ancestors. Thus, Kremers (69), 
in 1922, suggested the tentative scheme shown in table 13 to 
account for the biogenesis® of the two distinctive but closely 
related groups of substances found in the oils of American black 
mint {Mentha piperita vulgaris) and spearmint {Mentha spicata). 

The immediate common ancestor of the two series of substances 
shown in this scheme is citral. According to Kremers, the bio- 
chemical conditions which in spearmint bring about the reduction 
of the aldehyde group are modified in peppermint so as to cause 
the reduction of an ethylene linkage. Thus (i) the carvone group 

> That is, the chemical origin tn vivo, or biological synthesis. 
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of substances is fonned in spearmint and (ii) the menthone group 
in peppermint. The differential reduction of citral may be ac- 
complished in the laboratory by using (i) sodium amalgam and 
acetic acid, and (ii) hydrogen in the presence of colloidal pal- 
ladiiun; but it is interesting to reflect that in the cross-breeding 
of closely related species of plants such biochemical divergencies 
may possibly be due to the operation of Mendelian factors. 

TABLE 13 

The biogenesis of the two groups of substances found in the oils of American black 

mmt and spearmint 

Me,CO + Me-CHO — Me,C:CHCHO MejCHCH,CHO 

Acetone Acetaldehyde Isovalcraldt'hydo 

2 mols — H»0 


Me^CiCHCHrCHCMerCHCHO 

+ 2H 

MeiC : CH • CH2 • CH2 • CMe : CH • CHO 


Oi trail CioHicO 
+ 2H I + 2H 

F' 

Citronellal, CioHisO 


i 


i 

Isopulegol 

i 


Geraniol, CioIIuO 

l 

Linalol 


Menthol, Menthone, Limonenc, etc. Terpineol, Cincolc, Dihydrocarveol. 

Carvone, etc. 


PEPPERMINT SPEARMINT 

The names of substances actually found in the oils are underlined, as are also 
the two reducible groups in the citral molecule. 

From the fact that most of the components of essential oils 
contain molecular systems of five, ten or fifteen carbon atoms, 
Astengo (70) regards isovaleraldehyde as their common ancestor 
and suggests a sequence of the following kind: isovaleraldehyde 
— » isocitronellal — > rhodinal, citronellal, geraniol — > rhodinol, 
citronellol, linalol, menthone, isopulegol, citral. 



EBCBNT PK0GBE88 IN MENTHONB CHEMISTRy 


43 


Some of the most arresting biogenetic relationships in the 
menthone series centre around piperitone. An inspection of the 
appended formulas shows at opee that structurally f-piperitone 
is closely related to f-piperitol and 1-a-phellandrene, with which 
substances it is associated in the oils of E. dives, E, radiata and 
other Eucalyptus species: 


CMe 

CMe 

CMe 

CMe 

h,(5^\h 



h,<^^^h 

H,(!: (tjo 

Had; djH • OH 

hJ: iin 

Had; djH 

• CHMe, 

• CHMe, 

• CHMe, 

^C^M 

CMej 

Piperitone 

Piperitol 

a-Phellandrene 

A*-Carene 

(XLVII) 

(XLVIII) 

(XLIX) 

(L) 


The relationship of d-piperitone to d-A^-carene (L), which it ac- 
companies in the oil of Andropogon Jwarancusa (22), is not so 
apparent; but it is extremely significant that the occurrence of 
d-piperitol with d-A^-carene has also been established by Simonsen 
(71) in the oil of a new species of Andropogon growing in the 
United Provinces. In endeavoring to trace a genetic relation- 
ship between A^-carene and piperitol, Simonsen (71) has pointed 
out that of the four possible active stereoisomeric forms of 
piperitol two might be expected to yield a-terpinene upon 
dehydration, while the other two should give rise to A^-carene; 
hence piperitol might conceivably function as the inmiediate pre- 
cursor of A^-carene in these Indian oils. Laboratory experiments 
showed that d-piperitol when dehydrated with magnesimn 
methyl iodide actually yielded a-terpinene, thus behaving simi- 
larly to its synthetic homologues (XLV) mentioned in the fore- 
going section. 

It appears to the writer (72) that the clue to the biogenetic 
relationships of the substances under discussion is to be foimd in 
the circumstance that piperitone appears to be invariably associ- 
ated in Eucalyptus oils with a small proportion of geranyl acetate, 
and it is hoped in due course to submit the ideas derived from 
this circumstance to experimental investigation, as far as artificial 
conditions may permit. According to Baker and Smith (13), 
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geranyl acetate “passed into Eucalyptus through Angophora, and 
as it occurs also in the oils of many of the ‘Peppermints’ it 
probably runs through the whole genus Eucalyptus, although in 
some of the oils the amount is very small” (p. 366). An excep- 
tional species, E. Macarthuri, yields an oil containing as much as 
77 per cent of geranyl acetate, together with a small proportion 
of free geraniol. Thus, in E. Macarthuri the particular chain 
of biochemical processes is arrested at the formation of geraniol; 
while in other species the geraniol, under the different conditions 
prevailing in the plant, may be presumed to undergo further 
transformations and to function as the precursor of piperitol, 
piperitone, a-phellandrene and other substances. In the case of 
E. dives the following mechanism may be postulated; 


CMe 

H2(5^\h 

1 1 isom 

CMe 

ii2(5^\h 
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H 2 C CH 2 OH 

H(!:— CMej 
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H • CHMcs 

1, 3-Dihydroxy- 
menthane, 
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- 2H*0 


HC 


CMe 

A„ 


Hsd: (!! 


H 

Ch • CHMe, 
a-Phellandrene, 

CioHie. 

(LIV) 


According to this scheme, the initial product of the isomerization 
of geraniol, i.e. piperitol, yields (i) a-phellandrene by successive 
hydration and dehydration, and (ii) piperitone by oxidation. It 
may be noted that d-a-phellandrene occurs with geraniol in 
gingergrass oil. 

The formation from geraniol of 4-terpineol, which has recently 
been found in certain specimens of the oil of E. dives, and its 
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subsequent hydration to 1,4-terpin, may also be readily ex- 
plained in terms of the above scheme; in this instance terpinolene 
is possibly, although not necessarily, an intermediate product in 
the series of changes: 


CMe 



Geraniol. 


(LV) 


CMe 

CMe 

HO • CMe 

h,(5^\h 

hYch 

HjC^Yh, 

ni in, ■ 
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1 
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CHMej 
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Terpinolene. 
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No members of the carvonc series have been discovered in 
Encaluflus oils. It is therefore of particular interest that a 
passage from Eucalyptus components to this series is provided 
by the observation (73) that 1,2,4-trihydroxymenthane (m.p. 
113-5°), obtained from 4-terpineol by the action of cold perman- 
ganate, may be dehydrated to carvenone by a reaction which is 
reminiscent of Wallach’s synthesis of piperitone (34) from 
1,3,4-trihydroxymenthane (m.p. 120°); 


MeC • OH 
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CMe 

CH 

<!o 

CHMe, 

Piperitone. 

(LXII) 


Possibly the most interesting biogenetic association of piperi- 
tone and piperitol is with A<-carene^ and here geraniol may be 
regarded as the immediate precursor not only of the alcohol and 
ketone, as already shown, but also of the bridged hydrocarbon: 
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The simple mechanism indicated in the above representation 
demands only the transference of a hydrogen atom to form an 
unstable 7-carbon ring-compound, which would then be readily 
dehydrated to A^-carene. In the light of this idea, it should be 
of interest to search systematically for A^-carene in geraniol oils. 

The mechanisms wliich have been outlined could obviously be 
extended to the production of menthone and menthol from 
geraniol, and although these substances have not been found in 
Eucalyptus oils they are associated with piperitone in Japanese 
peppermint oil (23). It seems possible also that cineole, another 
of the main components of Eucalyptus oils, may be derived from 
geraniol, by way of a-terpineol and terpin; 
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The remaining constituent of Eucalyptus oils of the first impor- 
tance is pinene (table 1). Whether this meta-bridged hydrocar- 
bon may be correlated biogeneticaUy with geraniol is problem- 
atical. It may be pointed out, however, that the 6-methylene 
group of a-terpineol may be regarded as activated by the a/S- 
ethylenic linkage, as in piperitone and A‘-menthenone {vide supra) ; 
further, according to Thorpe and Ingold’s modification of Baeyer's 
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strain theory, the grouping >CMej confers stability upon a 
4-carbon ring-system, and hence presumably facilitates its forma- 
tion. Thus, although it has not proved possible to proceed from 
o-terpineol to pinene in vitro, it may well be that in vivo some 
such scheme as the following may take place: 
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CMe 

CMe 
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a \h 

H, V 

h/ 



HO CMe, 

- HK> 
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H,C CH 2 OH 
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To sum up, it is evident that geraniol (or, possibly, its geo- 
metrical isomer, nerol) possesses strong claims to be regarded as 
the immediate precursor of piperitol, piperitone, A^-carene and 
other substances which occur in this association in essential oils. 
All these substances may be readily depicted as transformation 
products obtained by applying simple processes of isomerization, 
hydration, dehydration, oxidation and reduction to the parent 
compound. The latter, in turn, may originate, in accordance 
with the conceptions of Kremers, Astengo and others, from such 
simple units as isovaJeraldehyde: from this point of view it is 
interesting that isoamyl alcohol, valeraldehyde and esters of 
valeric acid have all been found in Eucalyptus oils (13). 

In conclusion, the implied aptitude of gerapiol to function in 
nature as a precursor of so many other substances may be attrib- 
uted largely to the unusual conformation of its molecule, which 
possesses a structure (A), •CMe:CH-CH*OH, consisting of a 
primary alcohol group activated by an ajS^ethylenic linkage and 
situated in spatial proximity to a “Second active grouping (B), 
•CHiCMes, containing another double bond. Migration of a 
hydrogen atom, in the ‘nascent’ molecule of geraniol, from the 
primary alcohol group of (A) to one side of the double bond of 
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(B) leads to piperitol, piperitone and a-phellandrene; migration 
of the same hydrogen atom to the other side of the double bond 
leads to A^-carene. Thus, while the migration in Eucalypt^As 
species is limited to one direction, in Andropogon species it occurs 
simultaneously in both directions. Even in the migration com- 
mon to both families, an exceedingly refined distinction is still 
apparent, since from the symmetric molecule of geraniol the 
Australian trees produce the left-handed variety of piperitol 
and of piperitone, while the Indian grasses give rise to the right- 
handed forms of these asymmetrically constituted substances. 
The excessively delicate control of molecular transformation 
which is here implied appears to be a prerogative of the living 
organism. The organic chemist is powerless to effect such subtle 
differentiations by artificial means. At the present stage of our 
knowledge, the finer manifestations of organic synthesis appear 
to be inseparably associated with the life-processes. 
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I. LATEX AND CRI^E RUBBER 

1. Introduction 

Everyone ie familiar with the pictures of the seringueiro 
with his slender hatchet, in the heart of the Amazon jungle, 
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cutting into the bark of the giant Hevea^ brasiliensis, and of the 
typical coolie, carefully tapping descendants of the Amazon H evea 
trees on the well-kept plantations in the Far East, both obtaining 
the milky fluid or latex that yields the crude rubber of commerce. 
Everyone is also familiar with the rise of Brazil as the dominating 


TABLE 1 

Production of, crude rubber in long ioufi (la) 
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PL STA- 
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41.901 

0 44 


1912 

33,306 

41,619 

39,351 

114,276 

55,979 

0 49 


1913 

53,644 

35 659 

30,820 

120,123 

52.025 

0 43 


1914 

74,567 

33,001 

15,585 

123,173 

62,200 

0 51 


1915 

116,370 

34,610 

19,846 

170. 82G 

99,011 

0 58 


1916 

161.842 
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0 55 


1917 

221,452 
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278.140 
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0 64 
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1919 

348,990 
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0 60 


1920 

305,106 

23,216 

13,672 

341,994 

249,520 

0 73 


1921 

277,516 
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6,938 

301,618 

179,736 

0 60 


1922 

379,520 

19,542 

7,336 

406,398 

296,394 

0 73 


1923 

380.271 

16,765 

11,683 

408,719 

301,527 

0 74 

2,124 

1924 

393.931 

23,165 

9,082 

426, 178 

319,103 

0 75 
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25,298 
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38,3,596 

0 75 

5,028 
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24,298 

16,017 

621,530 

399,972 

0 64 

2,850 
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28.782 

15.633 

606.474 

403.493 

0 67 

2,160 

1928 

621,782 

21,129 

10,690 

653,601 

407.564 

0 02 

4,167 

1929* 

813,000 

21,000 

9,000 

843,000 

475,000 

0 56 


* Estimated figures. 


factor in the production of the world’s supply of crude rubber, and 
with the wonderful growth of the plantation industry, imtil in 
1913 it finally outstripped Brazil and gave to the world an ever 
increasing supply of rubber without which the great automotive 
industry could not have continued its remarkable development. 

^ Pronounced H6v-ea. 
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One is probably not so familiar with the fact that, whereas the 
plantations produced for the market only four tons of rubber in 
1900, Brazil and the rest of the tropical world produced 54,000 
tons; that in 1910 when the plantations produced 11,000 tons, 
Brazil was at its peak with 38,000 tons and the rest with 45,000 
tons; and that in 1929, the plantations produced the enormous 
quantity of 813,000 tons, while Brazil and the rest produced 
only 30,000 tons altogether. Two-thirds of the total production 


TABLE 2 

Estimated acreage of the estate and native rubber plantations (2) 



1922 

ACRKS 

1927 

ACBSa 

1928 

Acnns 

British Colonios: 




Malava 

2,268,000 

2,632,000 

2,714,000 

Cevlon 

443,000 

499,000 

534,000 

India and Burma 

126,000 

147,000 

167,000 

North Borneo 

Sarawak, etc. 

59.000 

81.000 

93,000 

113,000 

1 288,000 

Total 

2,977,000 

3,484,000 

3,703,000 

Other Middle East: 




Dutch Estates 

940,000 

1,199,000 

1 2,899,000 

Dutch Natives 

500,000 

1,300,000 

Indo-China 

83.000 

137,000 

250,000 

Siam 

30,000 

43,000 

150,000 

Total 

Rest of the World (Liberia, etc.) . . 

1.553,000 

2,679,000 

3,299,000 

65,000 

Grand Total 

4,530,000 

6,163,000 

7,067.000 


is annually imported into the United States, and half of this 
finds its way to Akron, Ohio, — the great manufacturing center 
of the rubber world. Over three-quarters of the total produc- 
tion is made up into automobile tires and tubes. 

The price of crude rubber has fluctuated much. It was aroimd 
$3.00 a pound in the great rise of 1910 and dropped to 14 cents 
a pound during the slump of 1921-22. Now, it sells for 15-20 
cents a pound. The great rubber industry of the United States 
manufactures annually goods valued at over a billion dollars 
($1,225,077,114 in 1927). 
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Tables 1 and 2 show in greater detail the growth and the size 
of the plantation industry. You will note that the total area 
planted at the end of 1928 was 7,067,000 acres, which is equiva- 
lent to 11,040 square miles or 105 miles square. For the sake of 
comparison, it may be mentioned that this is equal to the com- 
bined areas of the states of New Jersey, Delaware and Rhode 
Island. Since the trees are generally planted on the average 225 to 
the acre (estates, 150, and natives, 300), the plantations contain 
approximately 1,575,000,000 trees, and about 70 per cent of them 
are bearing. At 380 lbs. an acre the total potential annual yield 
is almost 1,200,000 long tons of crude rubber. The relative 
decrease in the percentage of rubber imported into the United 
States in 1926-28 is due to the increased production and use of 
“reclaimed” rubber, which amounted to about 250,000 long tons 
in 1929. 

2. Sources of crude rubber 

Rubber is obtained from the milky exudations of trees, shrubs 
and vines, belonging to several large botanical families which grow 
chiefly in the tropical zone. Some of these families and their 
important genera are Euphorbiaceae, which includes the Hevea, 
Manihot and Micandras; Urticaceae, the Ficus and Castilloa; 
Apocynaceae, the Funtumia, Landolphia (vine rubbers), and 
Clitandra (creepers); Asclepiadaceae, the Asclepias (milk 
weeds); and Compositae, Parthenium argentatum, (the guayule 
shrub). The crude or raw rubbers obtained from these different 
sources vary in their physical and chemical properties, some being 
firm and strong and others soft and weak. They all contain a 
hydrocarbon (CjHs),, “resins,” etc., and their properties depend 
largely upon the relative amoimts of these substances. The 
plantation rubbers and “Fine Para” contain 90-93 per cent of the 
hydrocarbon and 2-4 per cent of “resin,” whereas other varieties 
may contain as low as 25 per cent of the hydrocarbon and as hi gh 
as 60 per cent of “resins.” The raw rubbers are obtained by 
coagulation of the latex with dilute acetic or formic acid, or with 
salts such as alum, by heating in smoke (“Fine Para”), by “spon- 
taneous” coagulation — caused by the formation of organic acids 
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from bacterial action — and by evaporation on a drum or in a 
spray drier. Guayule rubber is obtained from the guayule shrub 
by crushing the woody stems and twigs and separating the woody 
portion by “water logging” it (3). On account of the importance 
and general use of plantation rubbers only such will be considered 
hereinafter unless mention is made otherwise. 

S. Latex (4, 5, 6, 7, 8) 

The latex is the milky fluid contained in microscopic tubes 
known as latex vessels which are found in all parts of the tree. It 
is under a certain turgor pressure and yet ordinarily there is no 
internal flow. For commerce it is obtained by tapping the trunk 
(9) where it is found in the cortex layer, the layer between the 
bark and the cambium layer. The cambium layer is very thin 
and lies between the cortex and the large woody inner section of 
the trunk, and it is through this layer that the sap travels up and 
down the tree. It is seen, therefore, that the latex is separate 
from the sap, and in fact is quite different from it. The usual 
method of tapping is to make an incision 1-1.5 mm. deep with a 
V- or U- shaped cutting tool along a slanting Une three to four 
feet from the ground and extending one-third of the way around 
the trunk. This incision is then shaped in such a manner that the 
bottom of the V is below the bottom line of the incision, thus 
making a trough or channel in which the latex as it oozes out flows 
to the lower end, where a spout is placed to direct it into the col- 
lecting cup. The trees are tapped every other day by skilfully 
cutting out a very thin shaving along the lower side of the V- 
shaped channel. In this way the channel is lowered about one 
inch a month and about one foot of bark is therefore removed from 
the tapped section in the course of a year. The trees can be 
tapped when they are five to seven years old and for many years 
thereafter. The wounds heal and in after years the same sections 
can be tapped over again. The trees exhibit the phenomenon 
known as “wound response” and up to certain limits of tapping 
they give greater yields as time goes on. The latex flows for 
about an hour after tapping and an average tree yields about 15 cc. 
of latex at each tapping. Since the latex contains about 30 per 
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cent of its weight of raw rubber, one tree gives approximately 900 
grams (2 lbs.) a year. The trees grown under the new bud-graft- 
ing system (10) produce from two to three or more times this 
amount. In this system, buds from high-yielding trees are 
grafted to one-year-old seedlings in the nursery and subse- 
quently transplanted to the field. 

The latex upon microscopical examination is found to consist of 
numerous minute globules suspended in a watery solution. These 
globules are frequently pear-shaped, are 0.0005-0.003 mm. 
(0.5-3 ix) in diameter, and exhibit the usual Brownian movement; 
and each one carries a negative electrical charge (11). According 
to Hauser (12), they consist of a viscid interior and a firm elastic 
membrane which when pierced allows the contents to ooze out. 
Protein and resins arc probably adsorbed on the outer surface, 
von Weimarn (13) describes latex as a polydisperse system of iso- 
aggregate particles with a general liquid-jelly consistency. He 
regards each particle as made up of smaller particles with a liquid- 
gelatinous interior, each one being surrounded by a layer of ad- 
sorbed protein and resins, and the larger pear-shaped particles as 
made up by the combination of other smaller particles of unequal 
size. For the most part, the isoaggregate particles are indistin- 
guishable under the ultramicroscope. Addition of a coagulant 
causes the cessation of the Brownian movement, the globules 
coalesce and then form strings or clots (14). The globules in 
latex from the leaves and young twigs are smaller than those from 
the stems and trunk; the globules in latex from younger trees are 
smaller than those from older ones. The specific gravity of the 
fresh latex varies from 0.967 to 1.000, corresponding to 45 and to 
about 17 per cent of rubber respectively. So-called normal or 
average latex contains about 33 per cent of rubber and its 
specific gravity is approximately 0.983. Fresh latex is approxi- 
mately neutral, its pH being 7.0-7.2 (15). In a few hours after 
tapping it diminishes to 6.6-6.9 and coagulation takes place. 
This acid condition, as already mentioned, is due to bacterial 
action. The amount of rubber in fresh latex varies considerably 
— from 15 to 60 per cent — ^but generally it is 20 to 45 per cent. 
It is highest at the beginning of a tapping period or after a rest 
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period and also from trees well cared for; it is higher from trees 
tapped as mentioned above than from those “heavily” tapped, 
from shallow tapping than from deep tapping, and from the roots 
and trunk than from the twigs. Latex can best be preserved by 
the addition of 2-5 per cent of concentrated ammonium hydrox- 
ide; it can also be preserved with 0.5 per cent of formalin. Am- 
monium hydroxide lowers the viscosity of latex. Preserved 
Jlevea latex “creams” on standing for several weeks (see also p. 
59). Latices from the Manihol and CastiUoa cream more readily, 
but they contain larger rubber globules. 


TABLE 3 

Substances in the latex and in coagulated rubber 



IN THE LATEX 

IN THE CRUDE 
RU»b£B 

PORTION OF 
OBIQINAL SUB- 
STANCES FOUND 
IN THE CRUDE 
RUBBER 

Crude rubber 

per cent 

30 0 

per cent 

100.0 


Rubber hydrocarbon 

28 0 

92 0-94 0 


Total solids 

33 0-34 0 

98 8-99 7 


Mineral substances (ash) 

0 3-0 7 

0.15-0 45 

i 

Components containing nitrogen 
(calculated as proteins: 6 X %N) 

1 C-2 0 

2 5-3 5 

i 

Components soluble in acetone 
(‘‘resins”) 

2 0(?) 

2 5-3 2 

? 

Quebrachitol 

1 0-2 0 

Trace 

? 

Reducing sugars 

0 15-0 35 

— 

— 


When Hevea latex is coagulated with dilute acetic acid (1 part of 
glacial acetic acid to 100 parts of dry rubber) and the coagulum 
passed between corrugated, uneven-speed rollers, in the presence of 
running water, there is obtained the familiar “pale cr5pe” of com- 
merce. Sodium bisulfite is added before coagulation to prevent the 
color formation from enzymic action. “Smoked sheet” is prepared 
by passing the coagulum betwefen even-speed rollers to squeeze 
out the serum, and then drying the sheet in a smoke house. 
“L. S.” rubber (“latex sprayed”) is obtained by evaporation 
of the latex in a spray drier (16). It contains all the solids of the 
latex and is a very uniform and very tough product. Drying the 
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latex on a heated revolving drum also gives a rubber containing 
all the solids in latex (Kerbosch process) (17). 

Although acids coagulate latex, it is possible to make the 
latex definitely acid without coagulating it by adding certain 
protecting agents, such as the sodium salt of the reaction product 
obtained by condensing naphthalene and isopropyl alcohol in the 
presence of sulfuric acid (18). Acid latex has about the same 
viscosity as ammonia-preserved latex. 

Table 3 gives an idea of the substances contained in the latex 
and in the coagulated rubber obtained therefrom. 

The rubber hydrocarbon is apparently the same after coagula- 
tion as before. The protein is not necessary as a stabilizer because 
when it is removed the latex Is still stable, and acid coagulates it as 
it does before (19) (20). The nature of the protein is not well 
understood, but it is probably a globulin. The proteins and their 
decomposition products remaining with the crude rubber act as 
accelerators of vulcanization and confer other important proper- 
ties on the rubber. Analysis of the ash shows that it consists 
chiefly of sodium, potassium, calcium and magnesium phosphates 
and a small amount of sulfate and sometimes chloride. The 
quebrachitol (CsHnOsOCHs) is a methyl ether of inositol (a cyclic 
sugar) and is levo-rotatory. It has the following structure: 

H OCH, 

HO C H 

C 

/! 

H OH 

HO H 

\ 

c c 

/ \ / \ 

H C OH 

/ \ 

OH H 

Some glucose is present among the small amount of reducing 
sugars, and traces of hydrogen cyanide and of acetaldehyde have 
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also been found in latex. Other substances foimd in latex, and 
generally included in the “resins” obtained in the “acetone 
extract” of crude rubber are as follows (21) (22) (The figures 
given in parentheses represent the per cent present in crude 
rubber) : Oleic and linoleic (1.3), and stearic (0.15) acids which 
comprise about one-half of the total weight of the extract; que- 
brachitol (1-2), a phytosterol (0.225), a phytosterol glucoside 
(0.175), two liquid sterols, C27H4s08 (0.08) and CjoHsoO (0.16), 
a sterol ester, Ci 7 HsjOj-C» 7H46 (0.075), d-valine (0.015), n-octa- 
decyl alcohol, a ketone, C1BH24O, and a hydrocarbon, CisH24. 
The fatty acids play an important part in the vulcanization of 
rubber especially in the presence of organic accelerators, because 
the oxides of zinc, lead, magnesium, etc., are converted into the 
corresponding organic salts which are soluble in the rubber (21) 
(23) (24) (25) (26). The liquid sterols are powerful, naturally- 
occurring antioxidants and are chiefly responsible for the preserva- 
tion of crude rubber (22). The amount and nature of the acetone 
extract also affects the “working” properties of crude rubbers and 
their physical properties after vulcanization. 

Crude rubber can be redispersed to form an artificial latex by 
milling into it a hydrophilic colloid, such as glue and certain 
clays, and then mixing in water (27). The artificial latex has 
properties very similar to those of natural latex and is finding 
interesting commercial applications. Reclaimed rubber can also 
be dispersed in the same general way (28). 

4. Concentration and uses of latex 

During the creaming process mentioned above, the rubber 
hydrocarbon becomes more concentrated in the upper layer just 
as the fat in milk becomes more concentrated in the cream. This 
concentration (of preserved latex) on long standing can also be 
carried on by centrifuging (29), and by the addition of certain 
hydrophilic creaming agents, such as Irish moss, gelatin, anuno- 
nium alginate, etc. (30). These creams, when separated, are 
found to contain upwards of 75 per cent of rubber hydrocarbon, 
and this high amount approaches the calculated maximum value 
for close packing of spherical particles (31). The creams are 
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comparatively free from the water-soluble, non-rubber constit- 
uents of latex. Direct concentration of latex can be carried out 
by the addition of potassium hydroxide and other stabilizers 
such as potassium salicylate or fluoride, followed by evaporation 
under diminished pressure in a rotating drum (revertex process) 
(32). These creams and other concentrated latices are often 
almost butter-like in consistency, but can be readily diluted with 
water. 

Latex is used commercially in the manufacture of tire web-cord 
fabric (33), gloves and inner tubes on porous forms by filtration 
(34), rubber-covered metal articles by electro-deposition (35), 
rubber articles of the outside shape of a porous form by electro- 
deposition (36), rubber impregnated mohair upholstery (37) and 
for backing the piles of rugs (38), special papers (39), etc. 

Latex can be vulcanized by heating with alkali polysulfides (40). 

5. Function of lalex in the tree 

The exact purpose of the latex is not definitely understood (41). 
It no doubt has some relation to the environment of the tree, 
that is, an ecological function (42). In some cases it may serve as 
a protective layer against insects, because it is known that where 
the latex vessels ha\ e been removed, the tree is attacked by borers. 
Latex occurs in some but not in all organs and therefore appar- 
ently has no indispensable function to perform for the continuance 
of the life of the plant; it has no influence on the development 
of sieve tubes nor can these be replaced by latex vessels (43). 
Latex contains organic materials provided by the assimilative and 
metabolic processes of the tree, and it may, therefore, have nutri- 
tive value. For example, it has been shown (44) that during 
the period of leaf-fall and new leaf-formation in March and April, 

“The yield per tree was very low This variation in the 

amounts of rubber obtained agrees with the order of variation in 
the amounts of reserve starch in the bark and wood during the 
same months.” Furthermore, in studies on the guayule shrub, 
Macallum (45) has found that the rubber content increases after 
cutting if preserved under projier conditions, increases under con- 
ditions that generally result in other plants in the storing up of 
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starch, no reserve food in the form of starch being laid by, and 
decreases during periods of extensive growth. 

It should be added that the chemical forerimner of the rubber 
hydrocarbon is not known and that the process of its conversion 
to rubber is still an open question. 

6. The importance of vulcanization 

A good quality of crude rubber is tough, strong, resilient, 
elastic, and resistant to abrasion (witness its use as cr^pe rubber 
soles), but by means of vulcanization these qualities can be 
enhanced greatly and can be made to hold over a much greater 
range of temperature (46). Crude rubber becomes soft and 
sticky when heated even to 100°C., and, when cooled beyond a 
certain point, becomes stiff and horn-like. The early raincoats 
manxifactured before vulcanization was discovered became useless 
in midsummer because they tended to “rim” and stick, and in 
winter they became unyielding like a one-piece coat of armor. 
Vulcanization changes all this, increases immeasurably the varie- 
ties and grades of soft rubber articles, gives the rubber its capacity 
to hold the shape of the mold in which it is fashioned, makes it 
more insoluble in organic solvents and much less absorbent of 
water, and increases enormously its durability. As a specific 
example there may be mentioned the automobile tire. The tread 
has most remarkable resistance to abrasion, its resilience is note- 
worthy, and even at the high running temperatures in mid- 
summer, 65-80'^C. (47), it keeps these qualities and its shape 
unchanged. 

II. THE RUBBER HYDROCARBON 

1. Isolation and properties 

The word “rubber” may mean the crude or raw rubber, or vul- 
canized articles made therefrom. The word itself comes from the 
use of crude rubber for rubbing out pencil marks. It was recorded 
in this meaning in 1770 by Priestley (48), and, according to a re- 
cent article by Speter (49), it was used even a little earlier by Nairne, 
a maker of mathematical instruments in London. The term 
“India-rubber” was given to it because of the fact that it was first 
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brought to Europe from the land which Columbus and his contem- 
poraries thought was India, — ^namely, the West Indies. The French 
word is “caoutchouc,” and the German, “Kautschuk,” — ^both from 
the native words meaning “weeping tree” (cm o-chu). C. 0. 
Weber, the “Father of the Chemistry of Rubber,” used the word 
“polyprene” for the purified rubber hydrocarbon. This word was 
coined from polymer and isoprene. Some writers have used the 
French word for crude rubber, caoutchouc, to signify the purified 
rubber hydrocarbon, but its use leads to ambiguity. Since it is 
not known whether the rubber hydrocarbon consists of a single 
hydrocarbon or of a mixture of hydrocarbons, it seems best to 
speak of it simply as the rubber hydrocarbon. 

Rubber owes its characteristic properties to its chief constit- 
uent— the rubber hydrocarbon (50). Although it has been 
isolated in a high state of purity, not all of its properties are well 
understood. Its strength, tackiness, stretch, rate of solubility 
(dispersibility), resilience, etc., vary with the kind and manner 
of physical treatment. Working it between the rolls of a rubber 
mill causes it to become plastic (putty-like) and at the same time to 
become weak, less extensible, less resilient, more tacky, more 
readily soluble, etc. Other methods of treatment, such as stirring 
in solution, and exposure to the action of light and of certain 
reagents, cause similar changes. This so-called “breaking 
down” or mastication (51) of the rubber is very important, 
because it is on account of this property that it is possible to mill 
into the rubber the necessary ingredients for vulcanization and 
for preparing the rubber for such an infinite variety of uses. 
Whether this change is entirely physical or chemical or both is not 
yet known. The chief constituent of rubber is, no doubt, a poly- 
merized hydrocarbon with colloidal properties, and if it is depoly- 
merized during the “breaking down,” then there should be a cor- 
responding increase in the chemical unsaturation per unit group. 
A. E. Gray and the writer (52) foimd, however, that, wi thin the 
error of the method employed, there was no change in the unsatu- 
ration when rubber was milled for several hours in an atmosphere 
of carbon dioxide, although in air there was a decrease of about 2 
per cent. However, if the rubber molecule is very large, as it 
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seems to be, then the relative change would be very small, — 
probably smaller than the error of the method employed. 

A 10 per cent solution of unbroken-down rubber forms a solid 
gel, but after thorough milling of the rubber, a 10 per cent solu- 
tion is of about the same viscosity as that of the solvent itself. 
Ultra-violet light also causes a great lowering in the viscosity of a 
rubber solution, and here again there is no apparent change in the 
chemical unsaturation (52). Heat and certain acids (e.g. tri- 
chloroaceict acid) and other substances also cause a considerable 
lowering in the viscosity, but in these cases the change is generally 
in part at least a chemical one, because there is a change in the 
xmsaturation on account of isomerization or polycyclization (53) 
(see p. 115). Broken-down rubber, if left undisturbed for some 
time, will slowly regain part of its “nerve.” It should be re- 
marked that the more rubber is broken down in the manufactur- 
ing process, the less is the strength and other important properties 
of the vulcanized product made therefrom. 

The rubber hydrocarbon can be obtained in a fairly pure condi- 
tion by extracting the resins of the raw rubber with acetone, dis- 
solving the extracted rubber in benzene, decanting from the in- 
soluble material, precipitating by pouring the solution in alcohol, 
and repeating these last operations several times. This is Har- 
ries ’s well-known method (54). However, even when this process 
is carried out in an atmosphere of carbon dioxide, as shown by 
Pummerer and Burkhard (55), the hydrocarbon still contains 
small amoimts of proteins and sugars. Fractional precipita- 
tion of a petroleum ether solution in acetone (56) gives a better 
product, but it also is not always free from nitrogen. Purifi- 
cation with methyl alcoholic potash (57) gets rid of all the nitro- 
gen, but the last traces of the alkali are very difficult to remove. 
When acetone-extracted, unbroken-down crude rubber is al- 
lowed to stand in a solvent like petroleum ether, the rubber hydro- 
carbon slowly diffuses through the network of insoluble substances 
and there is thus obtained a very pure product, free from nitrogen, 
and analyzing (CsHg)*. However, this method, originally due to 
Caspar! (58), and recently used to good advantage by Feuchter 
(59) and by Pummerer and Miedel (60), accounts for only about 
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70 per cent of the hydrocarbon present, a difficultly soluble 
portion remaining behind. 

The best and most complete method for purifying the rubber 
hydrocarbon is that of Pummerer and Pahl (20) by the direct use 
of latex. This method, which is carried out in an atmosphere of 
nitrogen in order to avoid any oxidation, is as follows: Preserved 
latex is treated with a solution of sodium hydroxide (2 per cent of 
the total solution) for two days at 50°C., to hydrolyze the pro- 
tein, and is constantly stirred. On standing at the end of this 
time, creaming takes place. The lower alkaline layer is siphoned 
off and the treatment repeated four times. Even before the last 
treatment, the biuret and the ninhydrin reactions for proteins 
no longer show the presence of any protein. The remaining 
alkali present in the cream is separated by washing and finally 
by dialysis. The rubber hydrocarbon is then coagulated by 
the addition of acetone or acetic acid, extracted with acetone to 
remove any remaining resins, and dried in a high vacuum. The 
acetone extract contains practically no resins and serves chiefly 
as a preliminary removal of water. The product, even in thick 
pieces, is transparent, pale yellow in color, clastic, and not tacky. 
The ash content is as low as 0.077 per cent. The analytical figures 
agree very closely with (CsHs)*. The earlier publications stated 
that the preparations were free from nitrogen. Later, however, 
Pummerer, Andriessen and Giindel (61) found that, although 
no protein was present, the samples still contained some nitrogen, 
0.04-0.1 per cent, which is probably due to the presence of amines. 
Pummerer (62) then found that samples with less than 0.04 per 
cent of nitrogen can be obtained from revertex-S (see p. 60). 

Cummings and Sebrell (50), using the method of Pummerer 
and Pahl, but changing the alkali several more times, have been 
able to prepare a purified rubber hydrocarbon with a nitrogen 
content of only 0.004-0.0096 per cent. It is protein-free, and 
when extracted with acetone the amount of nitrogen falls so low 
that it caimot be measured with accuracy by the exact method 
used by them, — namely, colorimetric determination with Nessler’s 
solution. 

The highly purified rubber hydrocarbon contains all the original 
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hydrocarbon, including the insoluble or difficultly soluble portion 
that is left behind in the diffusion method mentioned above. 
These two portions can now be separated, if desired, by means of 
absolute ether, the ether-soluble portion being called “sol-rubber” 
or alpha-rubber and the insoluble portion “gel-rubber,” or beta- 
rubber. This, however, is not an exact separation, because even 
after ten days of continuovis extraction a constant condition is 
attained where only a very small but weighable constant amount 
goes into the ether per day. With ether extraction the amoimt 
of gel-rubber is about 35 per cent, but with other solvents, it is 
lower. Both portions give similar analytical results. Sol-rubber 
is colorless and very elastic; gel-rubber is brownish and very 


TABm4 

Analysis of aol-rubber and geUrubher 



OABSOIC 

BTOXOOBN 


per c«nf 

percent 

Calculated for (GsHt)^ 

88.15 

11.85 

Ether-sol-rubber : Found | 

88.00 

87.98 

11.94 

11.90 

Ether-gel-rubber : Found | 

87.72 

87.96 

11.98 

11.93 


tough, and contains a trace of ash. The analytical figures for 
these two varieties are as given in table 4. When the gel-rubber 
is broken down on the mill in an atmosphere of carbon dioxide it 
becomes completely soluble in ether, and when ether solutions of 
sol-rubber are evaporated, after standing, traces of gel-rubber 
insoluble in ether are found. These are interesting points because 
of their bearing on the theory of a two-phase system in rubber. 
The breaking down may be due to disaggregation, according to 
Whitby (63) and Harries (64), but even this term does not fuUy 
explain what happens. Fvirthermdre, whether sol-rubber is 
simply disaggregated gel-rubber, and whether gel-rubber is ag- 
gregated sol-rubber still remains to be seen. 

The rubber hydrocarbon is decomposed by certain surface 
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molds (68). Losses in wei^t up to 30 per cent have been 
recorded, but even when 20 per cent of the rubber hydrocarbon 
was decomposed, the remaining rubber showed very little change 
in any important properties. 

It is of interest to note that rubber was first analyzed by 
Faraday (65), who gave it the same formula used to-day. Other 
important contributions to the establishment of this formula, be- 
sides those just discussed, have been made by Weber (66), 
Gladstone and Hilbert (67), and Harries (54). 

S. Crystalline rubber 

Unstretched frozen rubber exists in a crystalline form as shown 
by x-ray studies (see p. 67) (69). Also, the rubber hydrocarbon 
has been obtained in crystalline form at room temperature. 
Pummerer and Koch (56) isolated the cr 5 rstals while working with 
solutions containing the purified hydrocarbon prepared by frac- 
tional precipitation. Analysis showed them to have the formula 
(CJEs)*. They are very sensitive to oxidation, probably on ac- 
count of the relatively larger surface exposed to air as compared 
with that of the ordinary non-crystalline variety. They become 
transparent and plastic at about 60°C. and begin to melt at about 
92'’C. They are colorless, and show relatively little elasticity 
and “nerve.” ITie crystals shown in the photomicrographs given 
in the original article are fully described crystallographically, 
showing that there are three crystalline varieties in six different 
cr 3 ^talline formations. Since these did not appear to be modifi- 
cations of the same substances, the authors concluded that “there 
are several chemically different substances in the sample.” 

5. Molecular weight and other physical properties 

The molecular weight of rubber is high, as indicated by its 
colloidal properties. Hinrichsen and Kindscher (70) calculated it 
to be 3173 by the cryoscopic method in benzene solution. This is 
probably a good average figure according to the recorded work of 
the older investigators. Staudinger (71) considers the “macro- 
molecules” of rubber to consist of 100 to 1000 CsHg groups, corre- 
sponding to molecular weights of 6800 to 68,000. Very recently, 
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Pummerer, Nielsen and Gttndel (72), using camphor as the solvent 
as suggested by Rast, at concentrations of 1:4 and 1:10 found 
molecular weights of 1100 to 1600. In menthol at a concentration 
of 1 : 50, molecular weights of 1200 to 1600 were obtained; on dilu- 
tion to 1 : 100 the values obtained were only 520 to 620, indicating ex- 
tensive dissociation. Further dilution caused no decrease. These 
lower figures were obtained with samples of highly purified rubber 
hydrocarbon prepared by different methods and with samples of 
both sol- and gel-rubber. The results indicate eight CiHg units 
or a molecular weight of 544, although the experiments do not war- 
rant the acceptance of this as an established fact as 3 ret. The 
authors point out that samples of great difference in solubility 
show the same average molecular weight in camphor and in men- 
thol, and that, therefore, their essential difference must lie in their 
different powers of aggregation. Staudinger, Asano, Bondy and 
Signer (73), however, criticize the results obtained with camphor 
and menthol, stating that these solvents, even with substances of 
more finite molecular weights, give figures which vary consider- 
ably with the time of heating, the amount of supercooling, etc. 
Purified rubber hydrocarbon from latex gave in menthol values 
from 363 to 1160, and in camphor, 2200, the concentration being 
low in each case as in Pummerer’s experiments. The authors 
believe that only a hydrocarbon should be used as the solvent for 
determining the molecular weight of another hydrocarbon. Pum- 
merer (74) has produced further evidence to support his earlier 
observations, but the question of the molecular size of the rubber 
hydrocarbon is not yet settled. 

X-ray studies (69) (75) (76) (77) have shown that rmstretched 
raw rubber produces a diagram typical of an amorphous material 
— ^that is, a single, broad, diffuse ring. As raw rubber is stretched 
beyond 75 per cent elongation, the x-ray diagram shows a marked 
change. In addition to the amorphous ring, which is always 
evident but decreases in intensity with increase in elongation, 
there appear instantaneously definite interference spots, which 
become sharper and more distinct the greater the stretching but 
retain the same positions. The entire phenomenon is reversible 
if the sample is not too stron^y stretched, the amorphous diagram 



68 


HARRY L. FISHRR 


being obtained again when the tension is released. If, however, 
the rubber is stretched slowly, no interference spots appear at all 
(78). When the rubber is stretched, cooled, and then released, 
the interferences remain unchanged. When the stretched rubber 
is heated, the interferences become less intense and disappear at 
60°C. They also disappear when the stretched rubber is placed 
in an atmosphere of the vapor of a solvent, such as benzene. 
The intensity of the diffraction interferences increases in direct 
proportion to the percentage elongation of the stretched rubber, 
and this increase in intensity is explained by the continual 
appearance of new diffracting crystal-like individuals. The 
evidence seems to support the contention that the crystals do not 
exist as such prior to the stretching, although rubber which has 
stood for some time at low temperatures and has become opaque 
and hard, gives a pattern of sharp, concentric rings, indicative of 
small cr3rstal grains in random orientation (79) . The same results 
with x-rays have been obtained with both sol- and gel-rubber and 
with eighteen different samples of crude rubber from various 
parts of the world. It is evident, therefore, that the structure 
of raw rubber as revealed by this method is independent of the 
origin or the type of rubber and is directly related to the structure 
of the rubber hydrocarbon (80). Also, the stretching of rubber is 
a molec\ilar, not a macroscopic, phenomenon. 

X-ray studies indicate that the rubber hydrocarbon consists of 
long chains of isoprene gi oups and that these long chains prob- 
ably exist as spirals which form definitely aligned fibers when the 
rubber is stretched. Further work in this field will be awaited 
with considerable interest. 

If a strip of raw rubber is stretched while warm and cooled 
quickly, imder tension, it remains as a thin strip and is then known 
as “racked rubber.” If the tension is released and the racked 
rubber warmed, it will contract, but not to its original condition. 
Some of the strains are evidently “frozen in.” Repeated racking 
may stretch the rubber to 9,000 to 10,000 per cent elongation 
(81). Such racked rubber shows a very intense x-ray diagram. 
If stretched or racked rubber is frozen with liquid air and then 
struck with a hammer, it splits into fibres. Unstretched rubber 
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under these conditions shows a conchoidal fracture. Hock (82), 
who did this work, was also able to show the same effect with 
“diffusion” rubber, and, working at lower temperatures, with 
vulcanized rubber. He reasoned, therefore, that the fibrous 
structme is a property of the molecules or molecular aggregates 
common to all modifications. 

Rubber, upon being stretched, gives off heat and becomes cold 
again when it is immediately allowed to return to its original posi- 
tion. This heating during the stretching is known as the Joule 
effect. Recent data show that it is directly proportional ta the 
degree of elongation (83), just as the mtensity of the x-ray dia- 
gram is also directly proportional to the degree of elongation. 

van Geel and Eymers (84) have derived a relation between the 
double refraction and the elastic tension of rubber. The formula 
given by them defines double refraction as a function of the 
tension up to a certain limiting value of the tension, at which 
point a strict proportionality between double refraction and ten- 
sion begins. The elongation at this limiting tension is 70 per cent, 
— the same elongation at which x-ray photographs begin to show 
fibre diagrams. It appears, therefore, that 70 per cent elonga- 
tion “is a characteristic constant of pure rubber.” 

The specific gravity of raw rubber is 0.91-0.93; that of the pure 
hydrocarbon is 0.920 at 17® /4° (85). Racking causes a decrease 
in the specific gravity; freezing causes an increase. At 36-8°C., 
frozen rubber shows a sudden decrease in density and hardness, 
and an increase m transparency (86) . These changes are probably 
the result of the fusion of a crystalline component. Other physi- 
cal constants of rubber are given on p. 119. 

Rubber forms colloidal solutions in benzene, gasoline, chloro- 
form, carbon tetrachloride, carbon bisulfide, absolute ether, and 
similar solvents. It is precipitated from solution by alcohol, 
acetone, etc. Raw rubber is insoluble in water, but, on being 
allowed to remain in it, will absorb water up to about 25 per cent 
of its weight (87). Unwashed rubber, of course, absorbs more 
water than washed rubber on accoimt of the presence of water- 
soluble components. Solutions of raw rubber in organic solvents 
are more or less turbid, depending in part on the amount and kind 
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of the non-rubber constituents and in part on the solubility of the 
gel-rubber portion. Gel-rubber is more soluble in the aromatic 
hydrocarbons (cumene is the best), and therefore the aromatic 
hydrocarbon solutions of purified rubber are clear, whereas the 
petroleum ether and absolute ether solutions are clear only when 
the gel-rubber has been removed or rendered soluble. All these 
solutions show the familiar Tyndall effect. They are optically 
inactive (88). 

The viscosity of a rubber solution depends not only on the con- 
centration but to a very great extent on how much the sample 
has been “worked.” As mentioned above (p. 63), a 10 per cent 
solution of unbroken-down pale cr6pe forms a gel, whereas a 
similar solution of rubber which has been heavily milled, even in 
an atmosphere of carbon dioxide to prevent oxidation, has about 
the same viscosity as the solvent itself. In addition to this change 
and those caused by heat, light, etc., as discussed on p. 63, it 
should be mentioned that when a solution of rubber is heated to 
boiling on the steam bath and protected from evaporation as well 
as from oxidation by carbon dioxide, the viscosity, which becomes 
less with the rise in temperature, returns to its original value upon 
cooling, whether the solution is cooled slowly or suddenly (55). 
Harries (54) had previously reported that the change was not re- 
versible, but he did not guard against oxidation, which causes a 
considerable lowering, van Rossem (89) showed that oxygen 
causes a rapid lowering of the viscosity of a solution of rubber 
during heating, although no oxygen is absorbed for several hours. 
The oxygen apparently acts as a catalyst, since inert gases do not 
have this effect. Staudinger and Bondy (90) found that heat alone 
lowers the viscosity of a solution of rubber, but Pummerer (91) 
maintains that even traces of oxygen cause a considerable lowering 
of the viscosity. He also found that oxygen-free solutions which 
have been heated for a long time (twelve days) on the steam bath 
show a decrease in viscosity. 

Whitby and Jane (93) studied the effects of small amounts of 
certain substances on the viscosity of solutions of cold-extracted 
pale cripe and foimd that (1) precipitants like alcohol cause 
practically no change in viscosity, (2) organic acids, especially 
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the chlorinated acetic acids, cause a rapid lowermg, (3) organic 
bases, such as aliphatic amines, piperidine, etc., cause a similar 
lowering, (4) reactants like bromine and iodine show an immediate 
lowering which increases with time, while tetranitromethane 
shows an imusually great lowering, and (5) small quantities of 
potassium hydroxide cause an increase but larger quantities a 
decrease. Spence and Kratz (94) had earlier found that trichlo- 
roacetic acid caused a considerable lowering. This substance 
should now, however, be classed with reactants because it also 
causes a change in the unsaturation (see p. 63). 

When a solution of rubber in petroletun ether is allowed to 
form on mercury a film insufficient to cover the entire area, its 
thickness as given by Sheppard, Nietz and Keenan (92) is only 
1.5 A. This is very small as contrasted, for example, with a 
molecular film of stearic acid on water which is 21 A. thick. It 
appears, therefore, that the rubber particle is of the “macromo- 
lecular” t3q>e and lies very flat under such conditions. 

4-. Adioh of heal 

The pure rubber hydrocarbon softens at 130-45°C., sol-rubber 
at 116-30'’C., and gel-rubber at 145-60°C. (20). Crystallized 
rubber becomes transparent and plastic at 60-2°C. and molten at 
about 90°C. (66). It will be recalled that the x-ray interference 
diagram becomes less intense and disappears at 60°C., — the 
temperature at which Pummerer’s crystals become plastic and 
isotropic. 

At ordinary vulcanization temperatures, aroimd 140°C., rub- 
ber softens and becomes plastic but there is apparently no 
chemical change (52). However, as the temperature rises, and 
especially as it approaches 270°C., not only does the rubber be- 
come semi-liquid, but it also slowly undergoes a chemical change 
as is noted by the definite lowering of the unsaturation (2.5 i)er 
cent in five and one-half horns at 245-^°C.) (52) (95). Heating 
an ethereal solution of rubber at 250°C. for many hours causes a 
lowering of about 20 per cent; above this temperature the change is 
comparatively rapid. For example, heating for 2 hours at 285“C. 
followed by 5 hours at 345-63°C. caused a drop of 51 per cent. 
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This change is only in the unsaturation, because the hydrocarbon 
remains as (CsHg)** It belongs, therefore, to a general type of iso- 
merization and is no doubt due to internal cyclic formation, — 
polycyclization. This will be discussed again later (p. 117). 

Heat decomposition, that is, dry distillation, of rubber has been 
carried out by several investigators. C. Greville Williams (96) 
in 1860 isolated a CgHg hydrocarbon boiling at 35°C., and named 
it isoprene. Tyndall (97) proposed the structme of isoprene 
CH, 

as CHg: C- CHrCHj, and Euler (98) proved it by sjmthesis. 
Himly (99) had previously isolated a low-boiling product and a 
high-boiling one, 168-71°C., naming them respectively, “fara- 
da 3 dn” and “kautschin.” The latter was also called “caoutchene," 
and was found to be impure dipentene. Bouchardat (100) later 
obtained isoprene, dipentene and “heveene,” (C 1 SH 24 ). Ipatief 

( 101 ) showed that the isoprene fraction contained some tri- 
methylethylene (b.p. 38°C.). This hydrocarbon is probably 
not a primary decomposition product, but is possibly formed 
by the partial reduction of isoprene dimng the heating. Harries 

(102) , working imder Emil Fischer in 1902, reinvestigated the 
subject by more refined methods in a vacuum of 0.25 mm. pres- 
sure. He found that the amounts of isoprene (seldom over 1 per 
cent) and of dipentene were small and that the chief fraction was 
an oil boiling at 220-60°C. More recent and more complete work 
in this field is that of Staudinger and Fritschi (103), who heated 
carefully purified rubber in a vacuum of 0. 1-0.3 mm. pressure. 
The final temperature of the metal bath employed was 350°C. 
The residue, a resinous mass, amounting to 36.5 per cent, was 
found to be only about one-half as unsaturated as the original 
rubber, and was therefore a polycyclo-rubber. Fractionation 
of the distillate in a high vacuiun, and determination of the boiling 
point, molecular weight, refractive index and bromine absorption 
of the chief constituents, showed the presence of isoprene, 3.1 per 
cent; dipentene, 8.8 per cent; a CisHag hydrocarbon with two 
double bonds and two rings, possibly a hydronaphthalene deriva- 
tive, 4.4 per cent; a CigHjg hydrocarbon containing three double 
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bonds and two rings, 3.8 per cent; a CuH 4 o hydrocarbon contain- 
ing four double bonds and two rings; and higher boiling terpenes 
which decomposed on redistillation. No open-chain terpenes 
were found. The polycyclo-rubber that is formed during the 
course of the heating can also be decomposed if the temperature 
is raised to 350-400®C., but no isoprene and no dipentene are 
obtained (see p. 120). 

Staudinger and Geiger (95) later showed that by rapid distilla- 
tion at ordinary pressing and in an atmosphere of carbon dioxide 
almost all of the rubber can be converted into volatile products. 
For example, the distillate from a 500 gram sample of acetone- 
extracted rubber consisted of 92.8 per cent, and of this, 0.4 per 
cent was liquid at — 80°C., 2.6 per cent boiled at 25-32°, 4.3 per 
cent was the isoprene fraction boiling at 32-5°, 5.8 per cent boiled 
at 45-150°, 23.8 per cent, the dipentene fraction, boiled at 50-70° 
at 12 mm., and 25.9 per cent boiled above 180° at 12 mm. The 
slower the distillation the greater the polycyclization, and there- 
fore the greater the residue. One hundred grams of plantation 
rubber distilled slowly in vacuo at 300°C. in an atmosphere of 
carbon dioxide gave 53 grams of residue which consisted almost 
entirely of polycyclo-rubber. 

Since it is known that a rubber-like product can be obtained 
by pol 3 rmerizing isoprene, the question naturally arises why a 
greater amoimt of isoprene is not obtained in the dry distillation 
of rubber, and also whether the dipentene and the polyterpenes 
are primary or secondary decomposition products. Under the 
conditions necessary to decompose rubber, isoprene readily poly- 
merizes to dipentene and other higher terpenes and not to a rub- 
ber-like polymer. Furthermore, the heat decomposition of 
hydro-rubber (seep. 103) gives no isoprene but does give methyl- 

CH, 

ethylethylene, CHt*CHfC;CHa, and in greater quantity than 
it gives its dimer, CioHio. Also it has been shown that isoprene 
at 700-50°C. is converted in part into benzene, toluene, and 
other aromatic substances (104). Therefore, it is likely, thot^ 
not completely proven, that isoprene or its straight chain homo- 
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logues are obtained first and that these then polymerize or rear- 
range into the terpene products that are isolated. 

Further light on this 'question is given in the most recent work 
in this field, that of Midgley and Henne (105). They worked 
with very large amounts and isolated products which ordinarily 
would escape notice. Pale cr^pe was destructively distilled in 
16-po\md batches in an iron vessel at atmospheric pressure, 200 
potmds in all being used. The temperature was always raised as 
quickly as possible to about 700°C., but no attention was paid to 
its control. The conditions used gave unusually large yields of 
isoprene — 10 per cent — and this was the chief object of the 
work. The addition of magnesium, 850 grams to 16 pounds of 
rubber, did not increase the yield of isoprene or dipentene, but did 
increase the yield of the other products, especially the aromatic 
products. Zinc, iron and aluminum have a similar effect but to a 
smaller extent, copper is without effect, and brass behaves like 
iron. The products obtained are olefinic, dienic, aromatic and 
hydroaromatic compounds. No fully saturated compound was 
detected. In addition to the components separated by fractional 
distillation, a substantial portion of the original material poly- 
merized, remaining as a jelly in the distilling flask. The materials 
lost in this way probably consisted largely of dienes. 

Because of the preponderance of isoprene, dipentene and Ci 6 Hj 4 
in the products of destructive distillation, the authors hold that 
the single bond furthest removed from the double bonds is the 
most easily broken by pyrolysis. They point out that this same 
conclusion is also arrived at by Hurd (106) from purely theore- 
tical considerations. Accordingly, they postulate that the rubber 
hydrocarbon breaks at single valences to give sections, each of 
which contains a given number of carbon atoms, that these points 
of breakage are represented by partial valences, and that the double 
bonds are resolved into partial valence forms. Then (o) adjacent 
partial valences may join to form double bonds (Tliiele); (6) 
single partial valences six carbons apart may join to form rings; 
(c) any pair of partial valences may accept hydrogen, preferably 
those not adjacent to others; (d) partially hych-ogenated aromatic 
compounds liberate hydrogen to yield the corresponding aromatic 
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compounds; and (e) partial valences not joining or not accepting 
hydrogen may migrate. Thus practically all of the compoimds 
isolated can be predicted. 

No myrcene, or a terpene boiling at 168-9°C., or dimethylbuta- 
diene was found in the products of destructive distillation. With 
the exception of benzene, the compoimds of the aromatic series 
obtained were probably all derived by dehydrogenation of the 
corresponding hydroaromatic compoimds, since only those 
aromatic compounds were formed whose hydro-derivatives were 
also present. The origin of the benzene is obscure; it may have 
been formed by pyrolysis in locally overheated spots. The per- 
centage yields in the distillate, except in the cases of isoprene 
(10 per cent) and dipentene (20 per cent) were all low, being 
about 0.01-0.10 per cent for the straight distillation, and 0.10-1.0 
per cent with magnesium. The compounds positively identified 
were: 3-methyl-l-butene, 2-methyl-l-butene, isoprene, 2-methyl- 
2-butene, 2-methyl-2-pentene, benzene, A‘-tetrahydrotoluene, 
toluene, m-xylene, p-tetrahydroethyltoluene, p-ethyltoluene and 
dipentene. Incomplete evidence was obtained for the presence 
of 2-methylpentene, 3-methyl-2,4-pentadiene, 3-methylhexene, 
A’-tetrahydrotoluene, A’-tetrahydrotoluene, 2-methylheptene, 
thujene, CioHig with 1 double bond and dimethyloctadiene. In 
the straight distillation the total amoimt of these substances in 
the distillate was 0.860 per cent, and with magnesium, 9.05 
per cent. 

5. Structure of the hydrocarbon 

There is now no question but that, as pointed out above, the 
empirical formula of the rubber hydrocarbon is CtHg. How many 
of these groups make up the actual molecule, and in fact, whether 
the natural hydrocarbon consists of a single molecule, is not yet 
known. The chief chemical reaction of the rubber hydrocar^n 
is addition. The substance is therefore unsaturated, and a study 
of the addition products leads to the conclusion that the funda- 
mental grouping is CgHs (not CioHu as formerly supposed) and 
that there is one double bond for each^CgHs group. This has 
recently been substantiated by measurement of the refractive 
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index of a film of purified rubber by Macallum and Whitby (107), 
and of the adsorption spectra by Scheibe and Pummerer (108). 
Many years ago, Gladstone and Hibbert (67), from measurements 
of the refractive index of purified rubber in solution, calculated 
that there were one and one-half double bonds to each CsHs group- 
ing, and concluded “that the main constituent of caoutchouc is a 
compound which for CioHie has 3 pair of carbon atoms doubly 
linked.” Weber also used the CioHk nucleus, largely because of 
its relation to the terpenes, and Harries used the same because 
of his early study of rubber “diozonide.” 

The lowest products of the dry distillation of rubber are gases 
and isoprene. Since isoprene has the same empirical formula as 
the rubber hydrocarbon, and since it can be polymerized to rubber- 
like products, it is reasonable to suppose that rubber itself is a 
polsmer of isoprene. In the course of the pol 3 merization, one of 
the double bonds in each molecule of isoprene disappears, thus 
leaving one double bond for each CsHs group. What is known as 
to the nature of the union of these isoprene molecules and the 
relative positions of the remaining double bonds was found out 
chiefly by Harries in his classical work on the ozonides (109) . He 
was led to this work by observing that rubber tubing in con- 
tact with ozone rapidly perishes. Ozone adds to the double bond 
of an olefin forming an ozonide, and on hydrolysis such an ozonide 
is decomposed into aldehydes or ketones depending on the struc- 
ture of the original olefin. By identification of the aldehydes or 
ketones, the position of the double bond can be accurately deter- 
mined because the oxygen of the carbonyl groups in the decompo- 
sition products is attached to those carbon atoms which were 
originally united by the double bond. The ozonide formed from 
rubber is a glassy solid, melts at about 50°C., is very explosive, 
and is saturated toward bromine. The yield is a little better 
than 80 per cent, and analysis showed that the ozonide had the 
empirical formula CJSsOs, — that is, one mol of ozone to each CjHs 
group. Molecular weight determinations in glacial acetic acid 
and in methyl acetate indicated its molecular formula to be 
CioHnOe. It was on the basis of this work that Harries con- 
cluded that the fundamental grouping in rubber must be CioHn. 
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On hydrolysis the ozonide gave levulinic aldehyde, CH»COCHi- 
CHjCHO, levulinic acid, CHaCOCHjCHjCOOH, a small amount 
of levulinic aldehyde peroxide, and of course, the usual by-prod- 
uct, hydrogen peroxide. No other aldehydic or ketonic com- 
poimds were foimd, although the experiments were repeated 
many times. He therefore reasoned that the structure of the 
CioHi* unit must correspond to l,5-dimethyl-l,5-cyclo6ctadiene, 

HC— CH.— CH,— o— CH, 

II II 

CH,— CJ— CH,— CH,— CH 

Harries assumed that this unit was polymerized by means of 
residual valences into the rubber hydrocarbon itself. Later, 
however, he found that the ozonide when dissolved in ben- 
zene gave a molecular weight 2.5 times that foimd in glacial 
acetic acid, and that its formula should therefore be written 
(C6H80 j) 6 or CmH^oOis (110). He also found that when alphas 
isorubber, prepared by the removal of hydrogen chloride with 
pyridine from rubber hydrochloride, was ozonized and the ozo- 
nide hydrolyzed, not only was there obtained the customary levu- 
linic aldehyde and acid, but also diacetylpropane, CHiCOCHi- 
CHjCHjCOCHi, and other polyketones and ketonic acids. 
Among these were isolated a triketone with eleven carbon atoms, 
undecatrione, and a tetraketone with fifteen carbon atoms, penta- 
decatetrone. It was not difficult to account for the diacetylpro- 
pane, because in some cases the chlorine in the rubber hydro- 
chloride was no doubt removed along with an adjacent hydrogen 
other than the one with which it was originally added, thus form- 
ing double bonds in different positions from and adjacent to those 
in the original hydrocarbon, but it was impossible to account for 
the presence of an eleven- and a fifteen-carbon chain compound in 
an eight-carbon cycle or, with the methyl groups, its correspond- 
ing ten-carbon unit. Harries, therefore, in 1914, abandoned his 
cyclodctadiene formula, and adopted the hypothesis, already put 
forth by Pickles (111) in 1910 that the CtHg groups were united 
in a large ring, believing from his new data that the ring must 
contain at least 16 and probably 20 carbon atoms: 
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CH, CH, 

or better yet, as he also expressed it, without definitely stating how 
large the number represented by n was : 


CH, 

I 

CH,-— C=CH— -CH, 


CH,— CH==C— CH, 

i 

CH, 


Since it is not known whether the CsHg groups are united in a 
large ring or as a long straight chain, it is simpler to express what 
is known as the structure of the hydrocarbon as follows : 

r CH. -j 

L— CH,— C=-CH— CH,— Jx 

On this basis, it is now possible to indicate the action of ozone 
and the formation of levulinic aldehyde by hydrolysis, using only 
a section of the structure and inserting heavier dashes to show the 
bonds between the original isoprene groups: 

CH, CH, CH, 


DH— CH,— CH,— C- -CH— CH,— CH,— C- -CH— CH,— H,0 


0 0 6 6 O 6 

\/ \/ x/ 

0 0 0 

CH, CH, CH, 

I I I 

— CH,— C + CH— CH,— CH,— C + CH— CH,— CH,— C + CH— CH,— + HA 

0 0 0 0 0 0 
LeTulinio aldehyde LeruUnio aldehyde 
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The levulinic acid always isolated along with the aldehyde is 
probably formed by the direct breaking up of the ozonide or by 
the oxidation of the aldehyde with the hydrogen peroxide. 

More recent work with ozone, potassiiun permanganate and 
hydrogen peroxide has substantiated Harries’s work, and, in 
general, his ideas. Geiger in Staudinger’s laboratory (112) has 
found that ozone gives a mixture of acids containing one that 
appears to be a dicarboxylic acid with at least 30 carbon atoms in 
the molecule, as shown by titration. Permanganate oxidation 
gives acetic acid, succinic acid, levulinic acid, an acid with the 
formula CuHisO? and acids of higher molecular weight. The 
work of Robertson and Mair, discussed in detail on p. 99, also 
shows the complexity of the rubber molecule and indicates that 
the size of the simplest rubber molecule or aggregate is not less 
than (Ct£[g)g. 

The chemical structure of the unit group of rubber is fairly 
well established, but the size of the molecule, whether there are 
one or many molecules, whether the unit groups are imited in a 
long chain with free valences at the ends or whether they are 
united in a large ring, are questions unanswered as yet. Staudin- 
ger (113) holds to the long chain hypothesis and Pununerer to the 
large ring hypothesis. The most recent publication up to this 
writing is that of Pummerer (114), in wUch he gives chemical 
evidence, based on iodine and oxygen absorption against the 
long open chain with free end valences. 

The acceptance of the theory that the rubber hydrocarbon 
consists of a large ring was difficult even a few years ago, because 
rings of more than nine carbon atoms were unknown. However, 
Ruzicka and his students (115) have prepared much larger rings, 
one of them consisting of thirty carbons, CggHio. This is very 
close in size to the/ing for rubber postulated by Ostromislenski 
(116) from his study of polyvinyl chloride and bromide (“cauprene 
chloride” and “cauprene bromide”),— namely, one of thirty-two 
carbons. Much of the recent work as already set forth has also 
indicated a structure corresponding to eight isoprene groups. For 
the sake of comparison, it might be mentioned that the compound 
having the largest known ring structure found in nature is cive- 
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tone, an unsaturated cyclic ketone with seventeen carbons in the 
ring (117). Other interesting hydrocarbons of high molecular 
weight are the yellow hydrocarbon carotin, CioHst (M. W. 536) ; 
the compoimd, C 4 »H 88 (M.W. 604) found in petrolatum wax (118), 
and the synthetic dimyricyl or hexacontane, CeoHua (M.W. 843). 

It has been known for some time that isoprene can be pol 3 Tner- 
ized to a rubber-like product in the presence of metallic sodium 
(119), but there has been no experimental evidence for the 
mechanism of the reaction. Such evidence is now provided in the 
excellent work of Midgley and Henne (120), who placed chips 
of metallic potassium in contact with isoprene and then slowly 
added ethyl alcohol. A good yield of a light yellow oil resulted, 
which upon analysis proved to be a mixture of 2,6-, 2,7-, and 
3,6-dimethyl-2,6-octadienes. These isomers are the three pos- 
sible dihydro dimers of isoprene resulting from a junction at the 
1,4-, the 4,4- and the 1,1-carbon atoms, respectively, and the 
addition of hydrogen to the 1,8-positions of each dimer. No 
trace of a compound of cyclic nature was detected. 

These results help to prove that the synthetic rubber produced 
by contact of isoprene with the alkali metals is a long chain or 
large ring formed of isoprene units linked together by means of 
their 1 and 4 cai^bon atoms. The methyl groups would not 
necessarily be in regular order as they probably are in natural 
rubber. The structural formulas of isoprene and of the three 
dimethyloctadienes are given below, and also a possible skeleton 
structure of a section of a S 3 mthetic rubber chain (121). The 
niunbers are the same in all cases, and the junction of the isoprene 
units is indicated by a longer bond. If such a synthetic rubber 
were ozonized, it can be seen that the decomposition products 
would be levulinic aldehyde, succinic aldehyde (or acid), and 
acetonylacetone. As a matter of fact, these are the products ac- 
tually obtained, although the proportions vary considerably, 
levulinic aldehyde being the greatest in amount (122). 
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2, 7-Dime thy 1-2, 6-octadiene 3,6-Dimethyl-2,6-octadiene 

C C C C 

I I I 

C— O-C— C C— (>=C~C c— C=C~-C — c— c=c--c 

1234 1234 4321 1234 

Section of possible chain in synthetic rubber 


III. CHEMICAL REACTIONS AND DERIVATIVES 

1. Introduction 

As already mentioned, the chief chemical reaction of the rubber 
hydrocarbon is addition, and a study of the addition products 
leads to the conclusion that there is one double bond for each 
CjHg group. Practically all of the addition reactions take place 
at room temperature or below, sulfur alone adding completely 
only at comparatively high temperatures. Accordingly, it seems 
most likely that there is no change in the position of the double 
bond during the reactions. Generally, as would be expected, the 
best results are obtained in solution because the reaction can then 
be regulated more readily. Solution may, however, have an 
even more important effect. Some of the addition reactions 
only go on or at least only go to completion when the amount of 
rubber hydrocarbon present corresponds to a 1 per cent solution 
or less. This is significant because the reactions at this dilution 
may possibly be linked up with the change in the molecular or 
“particle” size of the rubber hydrocarbon found in tiie determina- 
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tion of the molecular weight as discussed above (p. 66), but these 
facts are all too new and incomplete for the drawing of any general 
conclusions. Whether the difference in reactivity is due to disso- 
ciation, disaggregation, or depolymerization, or something else, 
the fact remains that a definite change takes place, and some 
reactions can be carried to completion only under such conditions 
and apparently not otherwise. Mastication and higher temper- 
atxu^s sometimes bring about the same or similar conditions of 
reactivity (52). 

The addition products are amorphous substances of high, 
undetermined molecular weight. Some are soluble in the same 
solvents as rubber, some in acetone, alcohol and glacial acetic acid, 
and some in water or aqueous alkalies; some are insoluble in all sol- 
vents tried. When they do dissolve they form colloidal solutions. 
Some are unstable and some are remarkably stable. Some are 
white or colorless, some are yellow or brown. All these general 
properties belong not only to the immediate addition products 
but to the derivatives prepared from them as well. Since they 
do not crystallize and cannot be distilled without decomposition, 
they are difficult to purify, but when purified as much as pos- 
sible, they show a definite chemical composition. On this account 
it is assumed that the rubber hydrocarbon from which they are 
prepared is a chemical individual, or consists of complexes made 
up of this chemical individual, such complexes acting like a 
chemical individual. 

In discussing the derivatives themselves, greater emphasis will 
be laid upon the more recent work and upon the more significant 
properties of the older and better known derivatives which are 
already rather fully described in the general text-books on rubber. 
The CeHs group will be used as the basis of nomenclature instead 
of CioHi«. This will create scarcely any confusion because 
so few names based on the old system were well-known. Under 
this newer system, the older name, rubber tetrabromide, becomes 
rubber dibromide or simply rubber bromide; rubber dihydrochlo- 
ride and dihydrobromide become rubber hydrochloride and hydro- 
bromide, respectively. The number of derivatives of rubber is 
comparatively small, and it is believed that all the known ones 
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that have been substantiated by their properties and analyses are 
included herein. The order of presentation is by classes and 
somewhat in historical sequence. 

S. The halogen produde and their derivatives 

The halogens all react with the rubber hydrocarbon. Chlorine 
ordinarily gives a white, fibrous product in which substitution as 
well as addition has taken place. Substitution is the chief reac- 
tion in the early stages, as shown by McGavack (123) in a study 
of the efiiuent gases by an ingenious use of flow-meters. The 
product is soluble in benzene, chloroform and acetone, and these 
solutions upon evaporation leave a rather tough, transparent 
film. Chlorinated rubber is a mixture containing about 65 per 
cent of chlorine with the approximate formula (CioHuClV)*, and 
has, therefore, been spoken of as the “heptachloride.” It is 
remarkably resistant to the action of concentrated sulfuric, nitric 
and chromic acids even at 100°C. It slowly decomposes, espe- 
cially in sunlight, giving off hydrogen chloride. 

Ostromislenski (116) states that when a 9 per cent solution of 
chlorine in carbon tetrachloride, contaimng the theoretical 
amoimt of chlorine, is added to an 18 per cent solution of extracted 
Para rubber in the same solvent at 0°C., there is formed rubber 
dichloride. It was pxuified by precipitation from acetone solution 
and analyzed for chlorine. The result was very close to the 
theory. He assumed it had a molecular weight corresponding to 
that of cauprene chloride (see p. 116), and, therefore, form- 
ulated it as a compoimd having eight isoprene residues, 
C«H4o(CH,)8CU,. 

Bromine acts like chlorine, substituting as well as adding, 
but in cold, very dilute solutions it gives the addition product 
(CjHgBr*),. The formula was formerly written CioHi3rt, and 
the compound was known as “rubber tetrabromide” (124). 
When properly prepared, it is a white, amorphous solid, which 
swells in some solvents but dissolves in only a very few, such as the 
simple halogenated hydrocarbons. If it is allowed to stand for 
some time as a dry powder, it then becomes practically insoluble 
in all solvents. This phenomenon is characteristic of a number of 
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rubber derivatives. Rubber bromide contains 70,13 per cent of 
bromine and is stable for many months under ordinary laboratory 
conditions, but on being heated it slowly evolves hydrogen 
bromide. It is not appreciably attacked at ordinary tempera- 
tures by hydrochloric, nitric, sulfuric and chromic acids. Its 
formation has been employed for some time for estimating the 
rubber hydrocarbon, either directly by isolation of the solid 
product (125) or more recently indirectly by determining the 
amount of bromine used (126) (127). 

Weber (124) states that the action of boiling alcoholic sodium 
hydroxide upon rubber bromide is “surprisingly slight,” but 
sodium ethylate has “a more pronoimced effect.” At 120°C., 
during 10 hours, a solution of sodium ethylate removed all but 
13.38 per cent of the bromine. The resulting product weighed 
more than calculated from the loss of bromine, and he therefore ' 
concluded that some of the bromine atoms must have been 
replaced with ethoxyl groups. Hinrichsen, Quensell and Kind- 
scher (128) stated that they could not remove all the bromine, 
and Kirchhof (129) found that he could not go lower than 4.5 per 
cent of bromine, even when he heated the rubber bromide succes- 
sively with metallic calcium and alcohol, and with aniline, up to 
190°C. imder pressure. He also found that after such drastic 
treatment as heating with a mixture of metallic sodium and 
sodium ethylate in xylene for fom* hours at 150-60°C,, there 
still remained about 9 per cent of bromine. 

Iodine gives various unstable products of no definite composition, 
sometimes containing oxygen in addition to iodine (130). Iodine 
chloride has recently been used by Kemp (131) in a modified Wijs 
solution for estimating the rubber hydrocarbon. The method is 
not very diflicult to carry out and the results are accurate within 
0.5 per cent. A. E. Gray, in collaboration with the writer, iso- 
lated the products formed under two different conditions and 
found that the iodine chloride probably adds as such (see table 5), 
The products had apparently decomposed partially during the 
purification. 

In 1900, C. 0. Weber (132) showed that rubber “tetrabromide” 
and melted phenol react with the evolution of hydrogen bromide 
and the formation of a brownish compound, CMHts 04 , for which he 
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obtained excellent analyses. He considered it to be an ether and 
named it ''tetroxyphenyl-pol 3 rprene/' CioHi6(0*C6H4)4. Other 
phenols reacted similarly; thiophenol gave a different reaction 
although hydrogen bromide was evolved, and phenol ethers such 
as anisole did not react at all. The phenol product was fotmd to 
form dark brown solutions in alcohol, acetone, ether, ethyl acetate 
and aqueous alkalies, and to be insoluble in benzene, chloroform, 
carbon bisulfide, turpentine and petroleum ether. Since there 
was no reaction of the rubber tetrabromide with anisole, even 
though it dissolved in alkalies, he decided that ‘‘this is almost con- 
clusive evidence that it is the hydroxyl hydrogen of the phenol 
which forms the point of attack in the reaction in question, and 


TABLE 6 

Analysis of the product formed by the action of iodine chloride on the rubber 

hydrocarbon 



XOOIKS 

CBz/>BnnB 

Found: Preparation No, 1 

jMr cent 

54.92 

67.06 

66.02 

peretni 

11.43 

7.14 

16.39 

“ « No. 2 * 

Calculated for CcHglCl 



These results have not been published previously 


this fact is at the same time the reason why, in the above formula, 
the oxygen appears as ether oxygen and not as hydroxyl oxygen.” 
Recently, Fisher, H. Gray and McColm (133) repeated Weber's 
work and verified it, but found that the phenol product could 
easily be methylated with dimethyl sulfate in the presence of 
alkali at the ordinary temperature. The methylated product is 
soluble in benzene and insoluble in aqueoiis alkalies. These facts 
show that the phenol groups contain free hydroxyl groups, and 
that the linkage between the rubber carbon and the phenol is at 
the ring, presumably in the para position. The reaction, rising 
CsHg as the fundamental group, could be represented as follows: 

CH, CH, 

I 1 

— CH, • C • CH • CH, + 2x COIiOH — CH, • C • CH CH,— + 2x HBr 
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The product is therefore rubber di(hydroxyphenyl) or di(hydroxy- 
phenyl)-hydrorubber and the methylated product, given below, is 
rubber di(methoxyphenyl) or di(methoxyphenyl)-hydrorubber. 


CH, 



Weber’s yields of the phenol product were all approximately 50 
per cent. The author’s yields were 65-77 per cent, even when 
aluminum chloride or zinc chloride was added, but became prac- 
tically quantitative when anhydrous ferric chloride was used. 
The reaction may be like the Friedel-Crafts reaction. The yields 
of the methylated product are almost quantitative. The latter 
gave no depression of the freezing point in benzene. This is of 
special interest, because here we have a substance still showing 
colloidal properties even though it is the result of three successive 
reactions from rubber. The original rubber grouping therefore 
is probably a large colloidal molecule, a “eucoUoid” as termed by 
Staudinger (71). 

More recently Geiger (134), a former student of Staudinger, 
has published two excellent papers extending and elaborating this 
work considerably. He gives detailed results with phenol, o- 
cresol, resorcinol and pyrogallol, using ferric chloride as the cata- 
lyst. He also found that in the presence of ferric chloride the 
phenol ethers reacted like phenol itself. Anisole, for example, 
gave in one step the same methylated product described above. 
Fisher, Gray and McColm reported its melting point as 151-6°C. 
(corr.) and Geiger, 150-60“C. Such a verification of a physical 
property of a substance of this type prepared in two different ways 
is of considerable interest. Phenetole and methyl a-naphthyl 
ether reacted similarly. Furthermore, by means of benzoyl 



CHEMISTBT OF RUBBBB 


87 


chloride and alkali he formed the benzoates of the phenol product, 
[CJIb(C*Hi'0-C0-C«H6)j]x and of the o-cresol and the resor- 
cinol products. Such of these compounds as were tested showed 
no depression of the freezing point in benzene solution. The 
phenol product and its benzoate were examined with x-rays, but 
only an “amorphous” ring was obtained in each case. In the sec- 
ond paper Geiger reported the coupling of some of these phenol 
products with diazotized aromatic amines (see also (13&)). The 
reaction in each case went smoothly and rapidly at temperatures 
around 0°C., indicating that the coupling was similar to the usual 
azo dye formation. The products are colored brown to greenish- 
black, and are generally soluble in toluene and insoluble in 
petroleum ether, this difference in solubilities offering a means of 
purification by precipitation. They have very high molecular 
weights, probably over 4000, and x-ray examination gives “amor- 
phous” rings. The phenol and resorcinol products were used 
chiefly, and they were coupled with such amines as aniline, 
p-nitroaniline, and benzidine; also with sulfanilic acid and 
naphthionic acid. The coupled products made from the two acids 
are readily soluble in aqueous alkalies, and from their red-brown 
alkaline solutions they can be precipitated with acids or salted 
out as the alkali salt. In dilute solutions they behave as indi- 
cators for acids and bases. The other products are difliculty 
soluble or are insoluble in alkali. All the products were not 
completely analyzed, but those that were have one diazo-grouping 
for each phenyl group. Since hydrorubber, the parent hydro- 
carbon, is so very unreactive, it is assumed that the coupling 
takes place on the phenyl groups and probably adjacent to the 
hydroxyl groups, as follows: 


+ 2xHCl 


CH, 

1 

• 


CH, 


~OHi-C • 

A 

CH • CH,— 

A 

+ 2x RNiCl 

I 

— CH,‘C • 

I 

CH • CH,— 

I 

() 

V 


R • N : N-lyj 1 

T 

yj— N : N • R 

OH 

OH 

* 

OH 

L 

T 

OH 
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The reaction mixture of rubber bromide and phenol is always of 
a characteristic purplish color. The bromides of gutta-percha 
and of various isomerized rubbers give somewhat different colors, 
and Kirchhof (136) has used these color reactions as laboratory 
tests to distinguish these substances. 

One other t3T)e of derivative has been prepared from rubber 
dibromide, — that is, phosphonium salts. Staudinger, Geiger and 
Reuss (137) have found that triphenylphosphine and triethyl- 
phosphine react with the dibromide as they do with ordinary 
alkyl haUdes. The reaction is not complete, however, since 
some of the bromine goes off as hydrogen bromide and analyses 
show that there is even less than one phosphorus group for each 
C6H8 group. The product behaves like a saturated compound, 
and therefore the loss of hydrogen bromide must result in internal 
ring formation. The position of the ring closure is not known, 
and for this reason the product is best represented in skeleton 
formation, a dotted line being used to indicate the probable posi- 
tion of the lost atom of bromine, and nothing being given to show 
where the hydrogen atom is lost: 


CH, 

I 

— CH, • C • CH • CH,— 

I I 

Br Br 


+ X P(C,H,), 



CC— 

I 

P(C,H.), 


+ xHBr 


The products are insoluble in benzene, chloroform, etc., but the 
triphenylphosphonium compound is soluble in alcohol and ether 
and slightly soluble in water, and the triethylphosphonium com- 
poimd is fairly soluble in water. The water solution of the latter 
is neutral in reaction, indicating that no hydrolysis takes place. 
The substance is strongly dissociated in water but is not dialyz- 
able. In higher concentrations, the solutions are very viscous! 
The solid form is elastic, like rubber. With bromine they give 
difficulty soluble perbromides. In methylene chloride solution, 
the triphenyl compound gave no rise in the boiling point, and 
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therefore it must have a high molecular weight. These are very 
interesting substances, and their properties show very clearly 
the complex nature of the rubber molecule. Staudinger believes 
these reactions substantiate the theory that the rubber hydro- 
carbon reacts with normal valences. 

S. The hydrohalides and their derivatives 

Hydrogen chloride, hydrogen bromide and hydrogen iodide 
add to rubber to form definite addition products: (C»H»Cl)x 
(138), (C6H,Br)x (139) and (C6H,I)x (139). The reactions are 
usually carried out in chloroform solution, and the products pre- 
cipitated with absolute alcohol. The yields of the first two are 
practically quantitative. In order to obtain a complete reaction, 
however, it is necessary to let the solution saturated with the dry 
hydrogen halide stand for at least twelve hours. The rubber 
hydrocarbon in solution also takes up hydrogen chloride slowly 
from concentrated hydrochloric acid. After forty-eight hours on 
the steam bath, a sample was found to contain 2.6 per cent of 
chlorine (140). The rubber hydrochloride apparently cannot be 
purified from unreacted rubber. The hydrohalides are white when 
first precipitated, but the hydrobromide and hydroiodide turn 
brown or black on standing because of decomposition. The 
hydrochloride is at first somewhat elastic, but soon becomes hard 
and somewhat crumbly. Its solutions, like those of chlorinated 
rubber, upon evaporation leave tough, transparent films, not as 
harsh as those of chlorinated rubber. Harries and his students 
have done considerable work on the hydrochloride, in the study 
not only of its preparation, but also of its properties. On con- 
tinued purification by dissolving and reprecipitating it, hydrogen 
chloride splits off, and on heating it also loses hydrogen chloride. 
In five days at 100°C. in a vacuum it loses one-third of its chlorine 
as hydrogen chloride, and in twenty days, two-thirds. Heating 
with pyridine imder pressure for 20 hours at 130“ C. removes all of 
the chlorine as hydrogen chloride and forms “alpha-isorubber.” 
This isorubber is softer and less elastic than natural rubber. 
Analysis shows (C6Hg)x, and analysis of the hydrochloride, 
hydroiodide and ozonide formed from it show, as in the original 
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rubber, that there is one double bond for each CsHg group. The 
hydrochloride, when heated with pyridine under pressure, gave 
“betarisorubber,” which was more difficult to purify because it did 
not precipitate readily with alcohol. According to the analysis, 
it was probably somewhat oxidized, and the chlorine of its hydro- 
chloride was low. Harries did a great deal of fine work on the 
ozonide of the alpha-isorubber and its hydrolytic products in an 
effort to elucidate further the structure of the original rubber 
hydrocarbon. In order to understand his work, the following 
theoretical possibilities are sketched as structural formulas using 
a five-carbon section. The original position of the chlorine has 
not been proved but it is placed on the tertiary carbon atom ac- 
cording to analogous cases (Markonikof's rule). 

CH, 

I 

— CH, • C=CH • CH,— HCl 


CH, 

1 

— CH, • C • CH, ■ CH,— 

I 

Cl 



CH, 

I 

— CH, • C=CH • CH,— 

( 1 ) 

CH, 

I 

— CH=C • CH, • CH,— 

( 2 ) 

CH, 

II 

— CH, C-CH, CH,— 

( 3 ) 


Comparison with the scheme of decomposition of natural rubber on 
p. 78 shows that if all the reaction went Uke (1), ozonization and 
hydrolysis would yield only levulinic aldehyde and levulinic acid 
as with natural rubber; if according to (2) or combinations of 
(1) and (2), polyketones containing the CHgCO group would 
result, such as diacetyl propane, CHjCOCHjCHjCHiCOCHa, 
which was actually isolated in fairly large quantities; if according 
to (3), then long straight chain polyketones would be formed in 
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addition to formaldehyde or formic acid. Undecatrione and 
pentadecatetrone were isolated as already mentioned (p. 77), and 
a great deal of formic acid was obtained. Large amounts of 
levulinic aldehyde and leAmlinic acid were also obtained, and in 
addition to these and the other substances given above, there were 
isolated succinic acid and a keto dibasic acid, — namely, hydro- 
chelidonic acid, HOOC CH,CH,COCH,CH, COOH. The for- 
mation of all these substances is therefore readily explained and 
involves nothing “irregular.” 

The rubber hydrochloride and the rubber hydrobromide have 
provisional structural formulas Tdiich make them an inviting field 
for the synthetic organic chemist. On paper many reactions 
for the preparation of a great variety of derivatives can be ve:^ 
easily outlined. But their low solubility, the very limited number 
of solvents available and the type of these solvents, together with 
their instability and their colloidal properties, all tend to make 
laboratory barriers which offer very considerable difficulties. 

Harries, evidently m an effort to reduce the rubber hydro- 
chloride and thus prepare hydrorubber, tried the action of zinc 
dust on it in ethylene chloride solution saturated with hydrogen 
chloride. He succeeded in removing the chlorine, but the product 
was somewhat unsatmated. The analytical figures for carbon 
and hydrogen were not very concordant but averaged pretty well 
for CioHis. On the Cio-basis this appeared to be a “dihydride,” 
and he named it “alpha-hydrorubber” (141). But Staudinger 
and Widmer (85), in repeating this work, foimd that the chlorine- 
free product analyzed very well for (CsHg)!. It is a white, hard, 
brittle, thermoplastic substance which is a little less than half 
as unsaturated as the original rubber hydrocarbon. The same 
or a similar substance can also be obtained from rubber hydro- 
bromide. The disappearance of the other double bonds is most 
satisfactorily explained at present by polycyclic formation. 
These substances are representative of a series of products 
formed by polycyclization which will be discussed in a later 
section (p. 115). 

Alkyl derivatives of hydrorubber have also been prepared from 
the hydrohalides, by Staudinger and Widmer (142). The method 
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comprises the double decomposition between the rubber hydro- 
halide and zinc methyl or zinc ethyl at low temperature. The 
reaction may be formulated (without balancing) as follows: 


r 

g- 


CH, 

— CHa • C • CHa • CHa— 

Zn(C,H^, ^ 

1 

—CHa • C • CHa • CH,— 

1 

Cl 

L 

X 

1 

CaHs 

L j 


Benzene or toluene solutions were used. The hydrobromide 
reacted more vigorously than the hydrochloride and even at low 
temperatures (— 20°C.) not only was some hydrogen bromide 
given off but methane or ethane was also evolved. At room 
temperature and higher, considerable amounts of methane or 
ethane were obtained. The ethyl compound was best prepared 
from rubber hydrochloride at 0°C. during 3-4 days. On account 
of the loss of a small amount of ethane the analytical figures are 
slightly low. The product however does not have unsaturated 
properties because it is stable toward bromine, cold and warm 
nitric acid, and potassium permanganate. The authors believe 
that the small amoimt of unsaturation as indicated by the analyses 
consists of internal ring formation. The products may be con- 
sidered as chemical derivatives of hydrorubber. Like hydro- 
rubber, ethyl hydrorubber forms colloidal solutions in benzene 
and chloroform, and in ether, and is insoluble in alcohol and 
acetone. It gives no depression of the freezing point in benzene. 
Dry distillation of small samples gave olefins which could not 
be properly purified. The methyl hydrorubber was prepared 
similarly, but the methane formed was somewhat larger in amount 
than the ethane formed in the preparation of the ethyl compound. 
It was therefore not as pure, although the analyses were very 
comparable. Otherwise its properties are practically the same. 
Zinc ethyl does not react with rubber itself. 

J^. Svlfur, svlfur chloride, selenium, and selenium oxychloride 

The chemical addition of sxilfur is coimected with the one 
great process of the rubber industry — vulcanization. Ordinary 
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soft vulcanized rubbers, such as automobile inner tubes and rub- 
ber bands, contain from 1.5 to 5 per cent of chemically combined 
sulfur, and ordinary hard rubber contains 25-30 per cent of com- 
bined sulfur. Practically no products are manufactured con- 
taining any intermediate amoimts. Completely sulfurized rub- 
ber — that is, rubber that has had all the double bonds satmated 
with sulfur as in (CtHgS)x — can be prepared by heating rubber 
with an excess of the theoretical amoxmt of sulfur for many hours 
to 140-60°C.(143). It contains 32.00 per cent of sulfur, which is in 
accord with the theory. It can be obtained pure as a brown, in- 
soluble powder by heating a cumene solution of pmified rubber 
and a large excess of sulfur for several hours at 170®C.(144). 
Sulfiu does not add at all, or certainly not to any perceptible 
extent, at room temperature. Under the influence of certain so- 
called “ultra-accelerators,” after standing for several months, 
rubber may contain 0.5-0.7 per cent of chemically combined 
sulfur and be vulcanized (145). Practically all vulcanizatioiis 
are carried on at 110-60°C., chiefly at 130-45°C.; higher temper- 
atures are sometimes used for hard rubber. Sulfur is soluble in 
crude rubber and in vulcanized rubber (146). The “free” or 
uncombined sulfur can be removed from vulcanized rubber 
by extraction with acetone. When the extracted vulcanized rub- 
ber is treated with bromine (147) or iodine chloride (148), the 
amount that adds in each case is equivalent to the amount of sulfur 
that would be taken up to form the saturated compoimd (CJIgS).. 
No one as yet has ever isolated any rubber sulfide from or- 
dinary vulcanized rubber; nor does incorporating purified rubber 
sulfide in crude rubber and then heating the mixture give a prod- 
uct resembling vulcanized rubber in any way. Perhaps the 
right method of doing this has not yet been found. So far, a true 
explanation of what constitutes vulcanization is still lacking 
(149). 

The temperature rise during ordinary vulcanization of soft 
rubber goods is small (150). Fmthermore, on account of the 
comparative thinness of the average articles manufactured, the 
heat from the reaction is rapidly conducted away and scarcely 
need be considered. In the manufacture of hard rubber, the case 
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is different. Sometimes in vulcanizing thick articles such as 
bowling balls, the temperature rise in the center is very great, 
and the heat does not disseminate qmckly because rubber is a 
poor conductor. Violent explosions have occurred when the 
external heating, especially the initial rise or “stepping up,” has 
not been regulated properly. The internal temperatures under 
such conditions may reach 250°C. or higher, and much HjS 
is formed. If mixtures of rubber contaiuing the seldom-used 
amounts of sulfur, 8-16 per cent, be heated in bulk, they too show 
a similar rise after the reaction sets in, and the products instead 
of being soft, resilient and elastic, are rather hard and thermo- 
plastic, somewhat like a low-softening gutta-percha or a highly 
resinous gum such as pontianac. Kemp (151), who prepared 
these products, showed how they differed from ordinary vulcan- 
ized rubber, not only in these properties but also in their solu- 
bility in benzene and, according to a personal remark to the writer, 
in their being about half as unsaturated as the original rubber. 

Sulfur monochloride in small proportions at ordinary tempera- 
tures also vulcanizes rubber. It is used in the so-called “acid” 
or “vapor cure” process for manufacturing rubber gloves, toy 
balloons, dental dam, etc. The method can be used only with 
thin sheets, because with thick sheets the outside becomes over- 
vulcanized and hard before the reagent can penetrate into the 
interior. When an excess of the theoretical amount for saturat- 
ing each double bond is used, there is obtained, according to Weber 
(152), (CjHgSCl),, or as expressed by him, CioHi»SjCls. Accord- 
ing to Himichsen and Kindscher (144), only half of this amount 
of sulfm monochloride is added; in other words, the product is 
(CioHi«) 2S*C1* or (CioHnSCl)x; and Bernstein (153) claims to have 
verified this. Weber gives a complete elemisntal analysis which 
agrees very well with the theoretical calculations for his formula. 
The theory for sulfur in this compound is 23.62 per cent. Hin- 
richsen and Kindscher isolated several products which ranged 
from 15.58 to 28.37 per cent of sulfur, and they then determined 
indirectly how much sulfur chloride had been used up, by analyz- 
ing the supernatant liquid after the precipitate had formed. 
Three out of eight experiments checked the formation of the prod- 
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uct mentioned above, — ^namely, (CioHi»)*S»Cl» or (CioHi#SCl),. 
Bernstein’s products contained 21.35, 28.00 and 34.68 per 
cent of sulfur. He also analyzed for chlorine, the respective 
results being 28.00, 26.30 and 23.28 per cent, while this theory 
calls for 26. 19 per cent. He finally used only a slight excess of the 
reagent in dilute solutions, isolated the products, and showed that 
the per cent of chlorine and sulfiu* was close to the values required 
by the formula arrived at indirectly by Hinrichsen and Kindscher. 
Later, Kirchhof (154) passed the vapors of sulfur chloride into 
solutions of rubber and analyzed the effluent gases. From these 
results, the compounds formed were found to be midway between 
the two t3q)es. The sulfur content of the isolated products. 


TABLE t 

Analysis of the product formed by the action of sulfur chloride on rubber 



CAIXJU- 
LATBD FOB 

CioHuSCU 

FOUND 

OADOU'* 
IiATBD FOR 

CieHiiStCh 

WBBBB’t Basux/n 


percent 

per cent 

percent 

per cent 

Carbon 

50.42 

47.96 

44.28 

43.61,43.51 

Hydrogen 

6.72 

5.76 

5.90 

6.21, 6.14 

Sulfur 

13.42 

14.83 

23.62 

23.88,23.81 

Chlorine 

29 50 

29.53 

26.19 

25.97,26.11 


however, varied considerably, the lowest figure being above that 
for the ‘'half” addition and the hipest rather close to that of 
Weber’s compound. He stated th&t Weber’s compoimd was 
probably formed first and then partially decomposed. 

After the lapse of many years, Meyer and Mark (155) took up 
the study of this reaction and compared it with the now familiar 
action of sulfur chloride on ethylene, — ^the “mustard gas” reac- 
tion. In this case an atom of sulfur separates as indicated in 
the following equation: 

2 CH, : CH, + 8,01, (CH,C1 • CH,),S + S 

With rubber, the product would then have the empirical formula 
CioHieSClj. The results obtained by Meyer and Mark are shown 
in table 6. If Weber had had this compound, he would not have 
obtained the compound C10H14S1 (32.3 per cent S) by the treat- 
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ment of (CioHitSCl)x with alcoholic sodium hydroxide, as men- 
tioned below, because the sulfur content of CioHmS is only 19.3 
per cent. All the work so far done on this problem has, therefore, 
not yet settled it. 

The sulfur chloride compound is a white, insoluble powder 
which slowly decomposes giving off hydrogen chloride. As in 
the case of sulfur vulcanization, no one has been able to isolate 
any of the sulfur chloride addition product from rubber vulcanized 
with sulfur chloride or from rubber gels prepared with the same 
reagent. Only small amounts of the reagent are taken up during 
the ordinary vulcanization, probably not over 1-2 per cent. 
Articles so vulcanized are sometimes treated with ammonia to 
remove any hydrochloric acid that is formed at the same time (in 
part from moisture and the reaction with the non-rubber constit- 
uents). 

When the rubber sulfur chloride product, (CsHgSCl),, is 
heated with an alcoholic solution of sodium hydroxide, all of the 
chlorine is removed along with the equivalent amoimt of hydro- 
gen, and Weber found that a brown powder remains writh the 
formula (CjHyS)*, confirmed by complete elemental analysis. 
Hinrichsen and Kindscher repeated this experiment with one of 
their products, apparently selecting only the one that approxi- 
mated the “half” addition product, (CioHi#SCl)x. Their product 
contained 20.87 and 20.75 per cent of sulfur, and the calculated 
value for (CioHuS)* is 19.2 per cent. The products are insoluble, 
inert and generally similar to hard rubber dust. 

Weber (156) also treated rubber in solution with pure sulfur 
monobromide and obtained a product which lost hydrogen bro- 
mide readily, even during the purification. Its sulfur content was 
higher and the bromine content lower than the values calculated 
for (CgHgSBr)*. However, upon being heated with aniline, it 
gave what was apparently the same compound as that obtained 
from sulfur chloride, — ^namely, (CgHrS)* — and this was also con- 
firmed by elemental analysis. He concluded, therefore, that 
sulfur bromide adds like sulfur chloride. The use of sulfur bro- 
mide as a vidcanizer is umpromising because of the loss of hydrogen 
bromide. Gels can be formed with the reagent. Sulfur mono- 
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iodide acts very slowly and the product is low in iodine. Removal 
of the iodine as hydrogen iodide with aniline gave a substance 
with only about one-fifth the required amount of sulfur, indicat- 
ing that the reaction was very incomplete. 

Selenium also vulcanizes rubber, as shown by Boggs (157). It 
is generally necessary to use an accelerator, and the amount of 
selenium chemically combined is probably very small. Selenium 
melts at 217°C., and its solubility in rubber has been shown by 
Williams (158) to be less than 0.05 per cent at 80®C. Fused mix- 
tures of sulfur and selenium have certain advantages, especially in 
extending the life of the rubber product (159). 

According to Frick (160), seleniu m oxychloride, SeOCl*, reacts 
with rubber forming insoluble, amorphous substances which con- 
tain approximately 25 per cent of selenium and also of chlorine. 
The ratios are close to those of selenium and chlorine in the 
reagent. They also contain about the same amount of oxygen, 
indicating that considerable oxidation has taken place, and yet the 
content of hydrogen is proportionately very high. The products 
were prepared from several different kinds of rubber and from 
sodium-isoprene-rubber, and no formulas have been assigned to 
them. 


6. Oxygen, ozone and oxidizing agents 

Oxygen when pure or as in the air attacks rubber, especially in 
the presence of light, and slowly changes it to resin-like sub- 
stances. Purified rubber is attacked very readily, whereas a good 
quality of crude rubber withstands the action of oxygen for a long 
time because of the presence of the naturally-occurring “anti- 
oxidant” discussed in the section on latex (p. 59). The action of 
oxygen has been studied on rubber films and on rubber in solution, 
and in both cases a number of products have been isolated and 
analyzed, and formulas such as C»sH«o 02 , CioHnO*, and CioHwO 
assigned to them (161) (162) (163). However, since the analyti- 
cal results reported are not so close to those required by the theory 
as is desirable and since in the investigations only single ejqieri- 
ments seem to have been carried out in many cases, these formulas 
have not yet been completely substantiated. They indicate that 
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oxygen adds progressively just as sulfur does. It has been demon- 
strated that peroxides are formed during the reaction and that 
therefore the reaction is probably one of autoxidation (164). In 
“tacky” rubber formed by exposure to air and light, Whitby (165) 
found levulinic aldehyde which was identified by the preparation 
of its pyridazine derivative. It is interesting to note that when 
air is passed into a benzene solution of rubber, the viscosity of the 
solution drops considerably. Similar changes have probably 
often been misinterpreted, especially when solutions have been 
heated in the presence of air, because the changes have been as- 
cribed to depolymerization of the rubber complex, whereas they 
seem to be almost, if not entirely, due to oxidation. If air is kept 
out, the change in viscosity by heating is reversible (p. 70). 
Air oxidation to produce tacky rubber is accelerated in the presence 
of compoimds of copper (166), manganese (167), iron (25), etc. 
Therefore these substances are rigidly excluded in the preparation 
of crude rubber and of rubber goods. 

Excellent results have been obtained in this field by Pummerer 
and Burkhard (55), who found that the amount of oxygen gas 
absorbed by the pure rubber hydrocarbon in very dilute solutions 
at room temperature agrees very well with the formula (CsHgO)*. 
The result was the same with or without platinum black, and the 
absorption was complete in 40 to 50 hours. The products were 
not isolated. The same authors also foxmd that perbenzoic acid, 
CgHsCO-OOH, reacted normally toward the rubber hydrocarbon, 
one mol being used for each CgHg nucleus. The course of this 
reaction was followed by titration of the reagent and was verified 
by the isolation of the rubber oxide formed. It is a white, 
tough substance, much less elastic than rubber, and insoluble in all 
the ordinary solvents. The analysis is in excellent agreement with 
the formula (CgHgO),. Since previous work had indicated that 
the lowest compoimd with oxygen had the formula (CioHwO),, 
this newer work helps much to substantiate the C»Hg group as the 
fundamental group in rubber. 

The action of ozone on rubber has already been discussed 
(p. 76). Mention should also be made of the fact that, according 
to Harries (168), when a solution of purified rubber is treated 
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with oxygen containing a high percentage of ozone which has not 
been passed through aqueous sodium hydroxide and concentrated 
sulfuric acid, there is formed an "oxozonide,” (CtHgOO*. This 
oxozonide resembles the normal ozonide in its properties although, 
strangely enough, in spite of its greater proportion of oxygen, it is 
not so explosive. On hydrolysis it gives the same decomposition 
products as the normal ozonide but in different quantities. 

The rubber hydrocarbon is fairly stable toward potassium per- 
manganate, and the use of this reagent in Baeyer’s simple test 
for the double bond is not practicable. Harries (169), in his early 
work on rubber, tried to break it down with this reagent (2.5 per 
cent), but his results showed that a considerable amoimt of “de- 
polymerization” took place and otherwise only a small portion was 
attacked, there being obtained “a small amount of fatty acids.” 
Rubber that had been heavily milled or masticated was found to 
be more easily attacked than the unmasticated rubber, and yet no 
definite products were isolated. Boswell (163) has shown that 
a 7.5 per cent solution of permanganate acting on a 4 per cent 
carbon tetrachloride solution of rubber for five days, gives upon 
precipitation with methyl alcohol a white plastic mass which has 
the approximate empirical formula C* 6 H 4 oO. More recently, the 
action of permanganate has been studied in considerable detail by 
Robertson and Mair (170). These investigators used neutral 
and alkaline permanganate solutions of several different concen- 
trations and isolated various acidic and neutral products. The 
acids consisted of formic, acetic, oxalic, levulinic and some com- 
plex colloidal resin acids. The neutral products contained 
increasing amounts of oxygen, more or less in proportion to the 
strength of the reagent used, and gave analytical results cor- 
responding to such formulas as CMH 6 t 04 , CMH 4 fO«, Cs4HtgOc, 
C;,gHtgOt, CgoH 4 gOio, etc., which indicate approximate ratios of 
oxygen to CgHg of from 1:9 to 5:3. They are insoluble in 
ethyl alcohol and acetone, and vary from pale yellow, slightly 
elastic substances to white, brittle substances. Nothing really 
very definite can be gleaned from this work beyond the fact 
that oxidation products containing varying amounts of 03^gen 
can be obtained and that they are of hi^ molecular weight, but it is 
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recorded here in order to emphasize the difficulties involved in the 
study of such a complex material as rubber. 

These same authors also oxidized rubber with hydrogen per- 
oxide and isolated as a primary oxidation product a mixtiu-e of a 
white pasty material of neutral reaction, with alcoholic properties 
and of the average composition CS 9 H 102 O 18 . This, along with 
the work just referred to, indicates that the size of the simplest 
rubber particle is not less than C 40 H 94 or (CsHsls. Boswell, 
Hambleton, Parker and McLaughlin (163) give CS 0 H 48 O as the 
primary product of oxidation with hydrogen peroxide. 

6. Hydrogen 

Although the chemical reactions of the nibber hydrocarbon all 
indicated the presence of double bonds in its structure, xmtil re- 
cently one of the chief reactions of such an unsaturated com- 
pound, hydrogenation, had not been realized. Harries (171) and 
Hinrichsen (172) had tried to hydrogenate it in the presence of 
platinum black, but without success. Doubt was, in fact, cast 
upon there being an unsaturated linking, and one author (163) 
a short time ago, after having failed in a similar attempt, placed 
himself on record against this hypothesis. He stated: “It is 
conceivable that the rubber molecule itself contains no double 
bonds whatever, and that these are only produced by the breaking 
up of the complex rubber molecule by the action of bromine or 
hydrochloric acid.” The printing of his article was scarcely 
begun before a report of successful catalytic hydrogenation was 
being read at Leipzig by Pummerer and Burkhard (55) and an 
account of a similar and independent successful attempt was 
being published by Staudinger and Fritschi (103). 

P umm erer and Burkliard foimd it necessary to use a solution 
with a concentration of less than 1 per cent and a rubber that was 
highly purified. In fact, in a later paper Pummerer and Koch 
(56) say that “a good criterion of the purity of the rubber is its 
behavior toward cold hydrogenation, since this reaction is very 
sensitive to impurities.” A record of fifteen experiments is given 
in their first article demonstrating that at the ordinary tempera- 
ture in the presence of a catalyst the rubber hydrocarbon adds two 
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atoms of hydrogen for each CsHg nucleus. The purified rubber 
was dissolved in either hexane or hexahydrotoluene, and a con- 
centration of 0.2 to 0.6 per cent was found to be the best to obtain 
a complete reaction. The catalyst was platinum black acti- 
vated by oxygen according to the method of Willstatter and 
Waldschmidt-Leitz (173). The total time necessary for the 
complete absorption of the gas varied from 3 to 170 hours, the 
shorter time usually at temperatures of 70-80°C. By very 
careful work the hydrorubber was isolated and analyzed, and the 
results were foimd to check completely the theory for (CgHio)*. 
The hydrorubber, as isolated in the earlier experiments, was elas- 
tic, but later preparations were not. This property probably 
depends on the treatment given the original rubber. The hydro- 
rubber of Pummerer and Burkhard is almost colorless and is 
soluble in ether, giving a colloidal solution. The earlier prepara- 
tions were very susceptible to air oxidation, especially in solution, 
but this property was later shown to be due to the presence of 
traces of the platinum black. Pummerer and Koch repeated the 
earlier work, using purified rubber that gave a clear solution in 
ether and excluding air throughout the entire process. The 
platinum black was not activated by oxygen, and on this account 
it was necessary to use a much larger amount, approximately 
ten times the weight of the sample. A pressure of 0.5 atmosphere 
of hydrogen was used and the amount absorbed by the mixtures 
was much more than the theoretical, possibly on account of the 
larger amount of colloidal platinum. These preparations of hydro- 
rubber were stable toward air oxidation, and also stable toward 
bromine and potassium permanganate. When dissolved in 
camphor the hydrorubber gave no depression of the melting- 
point, although when it was previously heated for twelve hours at 
200°C. and then for twenty minutes at 300°C. under a pressure of 
12 mm. of carbon dioxide, during which time no trace of decompo- 
sition was observed, it showed a molecular weight of 1700. 

On distillation of the hydrorubber imder 1 mm. pressure of 
hydrogen, no change occurred under 350°C., and the chief prod- 
uct (60 per cent of the original) appeared to be a saturated 
compound, CjoHioo or CsoHio*; molecular weight (in camphor), 
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calculated, 700 or 702; found, 714. Its ether solution showed a 
distinct Tyndall effect. The difference between the molecular 
weight of the distilled product, 714, and that of the portion 
remaining in the distilling flask, 1500, together with that of the 
heated sample mentioned above, 1700, is discussed by the authors, 
and they consider that even saturated hydrocarbons may have 
residual valences and can be “aggregated” into higher “struc- 
tures” (“Gebilden”), as is indicated by Gomberg’s (174) addition 
products of hexaphenylethane and paraffins. 

Staudinger and Fritschi’s (103) method of hydrogenating 
rubber consists in the use of a catalyst but no solvent, and of 
very high temperatures and pressures. They employed ordinary 
platinum black which was incorporated into purified rubber by 
mixing it in a benzene solution, then precipitating it with alcohol 
and drying in vacuo. This platinized rubber without any solvent 
was placed in a glass container in a rotating autoclave filled with 
hydrogen at 93 atmospheres and heated for 10 hours at 270^0., or 
at 102 atmospheres and 280°C. Lower temperatures gave only 
partial hydrogenation. At ordinary pressure, but with the same 
high temperature, only partial hydrogenation was effected after 
7 days with hydrogen passing through all the time. Nickel works 
much like platimun, but not so rapidly and completely. Their 
hydrorubber is a colorless, transparent, tough mass, without the 
elastic properties of rubber. The loss in color is said to be very 
characteristic of the reaction. The analyses check very closely 
the empirical formula, (CsHio)!, and the authors state that 
according to the properties of the hydrorubber it can be considered 
as a saturated hydrocarbon with so great a molecular weight that, 
so far as can be shown by analysis, no distinction can be made 
between C*iHiox and The product is soluble in 

benzene, chloroform and ether, and insoluble in alcohol and ace- 
tone. Its solutions are colloidal, and in benzene it shows no 
depression of the freezing-point. Its solutions do not decolorize 
bromine solution, but on standing in the sunlight a substitution 
product is formed with the evolution of hydrogen bromide. By 
complete bromination, followed by removal of the bromine as 
hydrogen bromide, a regenerated rubber is obtained. The hydro- 
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rubber is unattacked by sulfur monochloride in solution, being 
recovered unchanged, whereas rubber itself is vulcanized by this 
reagent. 

Harries (175) criticized the work of Staudinger and Fritschi, 
saying that their hydrorubber might be hydrogenated pyrogenetic 
decomposition products of rubber. But Staudinger (176), 
in reply, pointed out (1) that such products would not be colloidal 
because they are of finite molecular weights; (2) that the hydro- 
rubber has the properties of a paraffin hydrocarbon, and is, in 
fact, the first known colloidal paraffin; and (3) that the lowest- 
boiling heat-decomposition product of their hydrorubber was 
proved to be methylethylethylene, 

CH, 


CH, • CH, • C=CH, 

Therefore, the hydrogenation of the rubber must have taken 
place before any decomposition of the rubber had set in. He also 
repeated Pummerer and Burkhard’s work, but used a temperature 
of 100°C. and 60 atmospheres pressure. The product was ap- 
parently the same as that obtained without the use of a solvent, 
and was much tougher than the high temperature product. 

Dry distillation of the high-temperature hydrorubber (103) at 
350-400°C., under 1 mm. pressure, gave a series of olefins and 
only a small residue (0.6 per cent). As already mentioned, the 
lowest member was found to be methylethylethylene, C(Hio. 
The amount was about 5 per cent. From the remainder of the 
distillate there was isolated CigHto, CuH,o, a mixtme of C 4 oHt» 
and CttHso, and CtoHioo which boiled at 268-75°C. at 0.014 mm. 
and was equivalent to 24 per cent of the crude distillate. The 
isolation of these olefins shows that there is no doubt that the hy- 
drogen is combined with the double bonds of the rubber- 
hydrocarbon just as it can be combined with any ordinary olefins. 

Harries (177), after his work on shellac in which he was able to 
change the alcohol-insoluble, “aggregated,” unreactive form into 
the alcohol-soluble, “disaggregated,” reactive form, believed that 
rubber had not been hydrogenated because it was in the aggre- 
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gated, unreactive form. He, therefore, tried to hydrogenate 
rubber which had been thoroughly plasticized or masticated on the 
mill, and was successful. He used platinum black as his catalyst, 
and applied for a patent in April, 1921 (178), seventeen months 
before the first publications discussed above. He, evidently 
recalling his bitter experience in his fight for priority in the syn- 
thesis of rubber, remarks “but I expressly state that I do not wish 
to use this fact as the basis for any claim of scientific priority over 
Pummerer.” He published no analytical results on his hydro- 
genated rubber. 

It should be added that Pummerer and Koch (56), in the course 
of their study of hydrogenation, also found that when no excess of 
pressure was used and the time was therefore much longer 
than usual, they sometimes obtained products which were stable 
toward bromine, that is, chemically saturated, and yet were 
low (about 1.5 per cent) in hydrogen according to the analyses. 
They therefore concluded that since the substance shows the 
presence of no double bonds when treated with bromine, the 
double bonds must have entered into reaction with one another, 
presumably by internal ring formation. 

As already mentioned, high temperatures cause more or less 
internal ring formation (polycyclization) and Staudinger (71) 
and his co-workers found that at the high temperatures used by 
them for the hydrogenation of rubber, considerable polycyclo- 
rubber was formed along with the hydrorubber unless a rapid 
reaction with an active catalyst was obtained. The polycyclo- 
rubber absorbs much less hydrogen under similar conditions. 
The hydro-polycyclo-rubber does not add bromine and is not 
attecked by hot nitric acid and cold potassium permanganate, 
whereas the polycyclo-rubber itself reacts with all these reagents. 

Staudinger (179) has made the interesting observation that the 
hydrogenated hydrocarbons of rubber, gutta-percha and balata 
are, according to the analyses and refractive indices, identical. 


Hydrorubber 1.4768 

Hydrogutta-percha 1 . 4740 

Hydrobalata 1.4762 
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7. The “nitrosiies” 

Terpenes add nitrogen trioxide, N*Oa, forming nitrosites. 
For example, a-terpinene forms the nitrosite, CioHieNjO*. It 
was known for many years that gases containing certain oxides of 
nitrogen harden rubber tubing and rubber stoppers, and these 
facts led Harries to study the action of nitrogen trioxide on purified 
rubber. The compounds formed (180) are yellowish powders 
which are usually soluble in acetone, ethyl acetate and aqueous 
alkalies, and insoluble in benzene and ether. They slowly decom- 
pose with loss of nitrogen or its oxides. At 80°C. this decomposi- 
tion is more noticeable, and at higher temperatures it is quite 
rapid. On this account it is very difficult to analyze the com- 
pounds. Furthermore, the purity of the gaseous reagent, the 
oxidation due to prolonged action, and the slow decomposition 
even during purification, together with the difficulties of analysis, 
have all tended to cause considerable difficulty and some contro- 
versy in the interpretation of the results. The work on these 
substances is well sunamed up in Harries’s book referred to above, 
and in Rosenbaum’s translation of Gottlob’s “Technology of Rub- 
ber.’’ The chief product appears to be Harries’s “nitrosite C,” 
for which he obtained excellent analytical results and a molecular 
weight determination by the Landsberger-Riiber method in ace- 
tone corresponding to (CioHi&NsO?)*. A true nitrosite of similar 
molecular weight would have the formula (CjoHi»N208)». “Nitro- 
site C” decomposes at 158-62°C. Oxidation with potassium per- 
manganate gives a mixture of aliphatic acids consisting chiefly 
of succinic and oxalic acids. The formation of “nitrosite C” 
was adapted by Harries (181) to the quantitative determination 
of the rubber hydrocarbon in crude and in vulcanized rubbers. 
After the nitrosite is formed it is isolated and weighed as such, 
or its carbon may be determined by combustion (182). 

Weber (183) studied the action of nitrogen tetroxide, N* 04 , on 
rubber in solution and claimed to have isolated a substance with 
the formula (CioHmNjOO*. Several other investigators have 
tried but have been unable to obtain this “nitrosate.” Weber 
reported but a single analysis which agreed very well with the 
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theory, but all others have found much more oxygen than is ac- 
counted for in his formxila. Harries (184) states that the product 
closely resembles his “nitrosite C.” Very recently Emden (185) 
has carefully reinvestigated the whole question . He used pmified 
rubber and worked at temperatures around 0°C., where the Nj 04 
is practically not at all dissociated into NO*. The N *04 and rub- 
ber were separately dissolved in carbon tetrachloride and the 
solutions mixed, with the NsO« always kept in excess. The time 
interval was short and never over 2 horns. The product in each 
case is pure white, sinters at 90-5°C. with incipient decomposition, 
reduces hot Fehling’s solution, and does not dissolve in dilute 
ammonium hydroxide even after several days, but does dissolve 
gradually in aqueous sodium hydroxide. It dissolves only slowly 
in acetone, finally giving a clear red-brown solution from which it 
can be reprecipitated with water. This precipitate is slightly 
yellow and is now easily soluble in acetone. The original com- 
pound dissolves readily in hot acetone and no gases are evolved 
during the heating. The products from plantation rubber and 
guayule are apparently the same. The yields and the analyses 
agree with the composition CjoHhN20«. No molecular weights 
are recorded. The author thinks that the compound Ci#Hi6Nj04 
is probably not capable of existence, that the addition of Na 04 is 
accompanied by oxidation and that the nitrosate CioHieNjO* may 
be regarded as the primary product of the reaction. When 
rubber and an excess of N 2 O 4 are allowed to stand for 24 hours 
at room temperature, the product becomes easily soluble in ace- 
tone, dilute ammonium hydroxide and sodium hydroxide, and 
when refluxed in acetone now evolves 0.1 mol of carbon dioxide. 
No analyses are given for these products. The author believes 
that the formation of this nitrosate can be satisfactorily used in a 
method of analysis. 

8. Nitrones 

In 1915 Allesandri (186) found that nitrosobenzene formed 
an addition product with the rubber hydrocarbon and gave it the 
following approximate composition, CsgH»iO»Ns. Bruni and 
Geiger (187) studied this reaction in greater detail and prepared 
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some very interesting derivatives. Angeli, with whom AUesan- 
dri had worked, discovered and explained the action of nitroso- 
benzene on olefinic compounds in 1910. He showed that two 
mols of nitrosobenzene react with the double bond, one adding and 
the other oxidizing, the latter being reduced to phenyl hydroxyl- 
amine which in turn reacts with a third mol of nitrosobenzene 
forming azoxybenzene: 

H O 

I il 

R • CH, • CH ; CH, + 2 Cja.NO -♦ R • CH : CH • C : N • C,H, + C,H.NHOH 

O 

CJIJNHOH + CeHJJTO -> C,H. • N : N • C.H. + H,0 

It should be noted that the position of the double bond has shifted. 
The reaction between nitrosobenzene and rubber takes place read- 
ily when they are mixed in benzene solution in the proportion of 3 
mols to each CsHg group, and warmed for a few minutes on the 
steam bath. The product is precipitated by means of petroleum 
ether. It is a powder, has the empirical formula ChHuON, 
and decomposes at 135-40°C. From the mother liquor, azoxyben- 
zene can be obtained. The product contains a double bond as 
shown by the addition of bromine, giving CnHuONBrt. These 
facts all prove that the reaction is similar to that outlined above. 
It can be formulated as follows : 

r CH, 

L— CH, • C : CH • CH,— Jx + 2x C,H,NO 

C.H. 


CH, 

1 

— CH : C— C— CH,- 

II 

N==0 


CH, 

II 

— CH,— C— C— CH,— + X C.H.NHOH 

II 

N=0 

I 

C.H. 

0 


CJH.NHOH + C.HJNO -♦ CJHJJ=N • C.H, + Hrf) 



108 


HARRY L. FISHER 


The position of the double bond in the new derivative has not yet 
been established, but it is probably in the first of the two places 
indicated. Since the position of the double bond is different 
from that in the natural rubber hydrocarbon, the new product is a 
derivative of an isorubber, and has been termed a nitrone of iso- 
rubber. The same reaction occurs when latex of Hevea brasilien- 
sis is diluted with pyridine and mixed with nitrosobenzene in 
pyridine. 

Solutions of the nitrone show colloidal properties, and when 
examined by x-rays, the photographs give no indication of even 
minute crystals. The reaction is rapid and complete, and the 
authors expect to be able to adapt it to a quantitative method of 
determining the rubber hydrocarbon. 

Phenyl hydrazine reacts with the nitrone and a phenyl hydra- 
zone of isorubber is thus formed: 

CH, 

I 

— CH=C— C— CH,— + X C,HJSrHNH, 

!l 

N=0 


C,H. 


CII, 

I 

— Cfl : C— C— CH,— + X C,H,NHOH 

II 

NNHC,n, 

It is expected that this hydrazone can be hydrolyzed and a ketone 
of isorubber prepared. 

True nitroso compounds react with rubber like nitrosobenzene 
itself. 0-, m-, and p-Nitrosotoluene and the methyl ether of 
o-nitrosophenol, o-nitrosoanisole, form the corresponding nitrones. 
Ethyl o-nitrosobenzoate reacts similarly. On hydrolysis it gives 
the free acid which is insoluble in water, but the potassium salt 
is readily soluble. The solution has the character of a true 
salt solution and the authors point out that here is a typical 
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case of a colloidal electrolyte with a colloidal anion and molec- 
ularly dispersed cations. 


O 

II 

C.H, : N • CeHi • COOK Jx 


0 

II 

L— CiH. : N • C6H4 COO-Jx 


+ X [K+] 


The hydrocarbon of gutta-percha gives a nitrone similar to that 
of rubber. 

Further work is promised and should yield important results. 
It should be mentioned that the work of Bruni and Geiger is only 
a report and contains no analytical data. 

Pummerer, Andriessen and Gundel (188) have substan- 
tiated the above work and have found it necessary to prepare the 
isorubber nitrone in the absence of oxygen. The molecular 
weight in benzene and in nitrobenzene is 1200-1400, corresponding 
to eight isoprene groups. The calculated value for (CnBLuONlg 
is 1384. 


9. Tetranitromethane 

Tetranitromethane unites with olefin hydrocarbons to give 
yellow unstable addition products (189), and Pummerer and Koch 
(56) found the reaction useful in proving the completeness of the 
hydrogenation of rubber. Pummerer and Pahl (20) have now 
shown that in hexahydrotoluene solution the reaction mixture at 
first turns yellow, and after § to 6 days (at 0°C.) it becomes al- 
most colorless or only faintly yellow or pink, and a stable addition 
product separates. It does not lose tetranitromethane even when 
dried in a high vacuum for 6 hours at 60°C. The reagent is 
therefore probably bound by primary valences to the rubber. 
Upon analysis it is found that not all the double bonds react, since 
under the conditions used one mol of tetranitromethane corre- 
sponds to 4.5-6 CgHg groups. There is no oxidation, because the 
ratio of nitrogen to oxygen remained as in the reagent, namely 
1 : 2. With pale cr6pe or smoked sheet, pure rubber or gel-rubber 
in suspension or completely broken down on the noill, the ratio of 
rubber to the reagent is 1:5, but with sol-rubber or with the 
completely broken down purified rubber obtained by the alkaline 
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treatment of latex, it is 1:6. In higher concentrations of pure 
rubber the ratio is sometimes 1:4. The differences may be due 
chiefly to colloidal factors not fully understood. 

The rubber tetranitromethanate suspended in inert solvents 
still decolorizes bromine. No data, however, are given to show 
whether an addition product is formed or whether the bromine 
simply replaces the tetranitromethane. From the present ac- 
cepted structure of tetranitromethane the partial structure of the 
product may be indicated as follows: 


0 : N— 6 C(NO,), 

10. Nitric add 

Concentrated nitric acid reacts slowly with crude rubber in the 
cold, but on warming or adding fuming nitric acid the reaction 
may become very violent. In any case a solution is finally 
obtained which when poured into water gives a voluminous, yel- 
low, flocculent precipitate. The yield of the dry yellow powder is 
surprisingly constant, about 22 per cent. This nitric acid prod- 
uct is soluble in ethyl acetate, acetone, benzaldehyde, nitro- 
benzene, aniline, acetic anhydride and aqueous alkalies with a 
deep maroon color. Although the reaction is one that was 
known for a long time, Ditmar (190) seems to have been the first 
one to study the product and analyze it. He found that it could 
be methylated and acetylated and that it could be reduced with 
sodium methoxide. Since the substance was somewhat explosive, 
its combustion anal3^is was difficult. The results varied as 
much as 2 per cent in the carbon, but the averages and the molec- 
ular weight determination approximated the formula CioHuNiOt. 
On the basis of this formula and of results obtained by ti- 
tration with alkali and on the assumption that rubber was 
related to dipentene, he suggested that the compoimd was 
“6,6-dinitro-2,5-dihydrocumic acid.” This formula, given twenty- 
eight years ago, has never been verified. From our present 
knowledge nothing definite structurally is known of this product. 
Harries (191) repeated Ditmar’s work and stated that in general 
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he substantiated Ditmar’s results, although he gave no analytical 
figures. He found that on concentration of the aqueous filtrate 
considerable oxalic acid crystallized out and the residual liquor 
contained a very soluble, syrupy, nitrogenous acid whose silver 
salt had the approximate composition CeHgNOjAg. The writer 
might add that recalculation of Harries’s results shows that the 
acid might be a nitrolevulinic acid, CgHjOgN. This structure 
would be logical but it has not yet been substantiated. The 
same or a similar nitric acid product of rubber can be obtained 
by the prolonged action of dilute nitric acid on thin strips of 
rubber (192). 

A different product has been obtained by Fisher (193) from 
nitric acid and rubber. He uses a carbon tetrachloride solution 
of rubber. The yield from a 5 per cent solution and an excess of 
concentrated nitric acid is approximately quantitative for a sub- 
stance having the formula (CsHtNO*),. Like Ditmar’s nitric 
acid product it is unstable toward heat and is difficult to analyze. 
The highest nitrogen determination checked the theoretical value 
for the formula given, but a good duplicate determination has not 
yet been obtained. The substance is a bright yellow, slightly 
hygroscopic powder which is soluble in the same solvents as those 
mentioned above, but insoluble in sodium carbonate solution, 
whereas Ditmar’s product is soluble in sodium carbonate solution. 
The new product decomposes slowly at room temperature and 
explodes when heated. It can be alkylated and acylated, forming 
compounds which are much more stable toward heat. Its un- 
saturation as determined by the iodine chloride methotl in a 1 per 
cent nitrobenzene solution was foimd to be 24.8 per cent of the 
unsaturation calculated for a nitro-rubber. It is very probable 
that the nitric acid has caused the change in unsaturation just as 
other acids do, and the product is therefore probably a nitro-poly- 
cyclo-rubber. 

11. Chromyl chloride 

The terpenes react readily with chromyl chloride forming addi- 
tion products, Ci#Hw2CrO*Clj, which are decomposed by water 
into aldehydes or ketones, chromic acid, etc. Spence and 
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Galletly (194), in 1911, found that chromyl chloride also reacts 
with rubber forming a similar addition product, to which they 
gave the same formula CioH«-2Cr02Clj. Since very complex 
substances are obtained from it, and the molecular weight has not 
been determined, the formula should probably be written (CsH*-- 
CrOjCU)*- Robertson and Mair (170) have recently confirmed 
the formation and composition of this product. The substance 
is a brownish powder, insoluble in nearly all organic solvents. 
It is soluble in alcohol and acetone with decomposition, and in 
water by which it is immediately decomposed into resinous prod- 
ucts. The decomposition products can be separated by alcohol 
and acetone into a soluble portion which has the properties of an 
aldehyde, and an insoluble portion which is of indefinite coniposi- 
tion and contains chromium and chlorine. The aldehydic sub- 
stance was converted into a phenylhydrazone by the first inves- 
tigators and into a semicarbazone by the second. Oxidation 
transforms it into a resin acid and a complex insoluble product. 
Spence and Galletly found that what appeared by analysis to be 
the same chromyl chloride addition product was obtained from 
rubber of very different sources. They tried to use the reaction in 
a quantitative way but could not very well because of the rapid 
decomposition of the product by moisture. 

12. Stannic chloride, ferric chloride, etc. 

Stannic chloride reacts with the rubber hydrocarbon in benzene 
solution to form colored addition products, as recently shown by 
Bruson, Sebrell, and Calvert (195). The two products formed 
remain in solution and are isolated by evaporation of the liquid 
m vcuMo at 70°C. The residue forms a reddish-brown, brittle 
vitreous solid, which redissolves with difficulty in benzene. In 
moist air it slowly decomposes, evolving fumes of stannic chloride. 
It slowly decomposes when heated, and at 170°C. swells and 
evolves copious fumes of stannic chloride. All the operations 
must be carried out in a dry inert atmosphere because the prod- 
ucts are very hygroscopic and readily oxidize in the air. 

Complete elemental analyses agree very well with the empirical 
composition (C 6 H 8 )io-SnCl 4 . The substance dissolves in alcohol, 
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but at the same time the stannic chloride is split off^ remaining in 
solution, and the hydrocarbon is simultaneously precipitated as a 
white amorphous powder. This powder has the same composi- 
tion as the original rubber hydrocarbon, (CsHg)*, but is less unsat- 
urated. Therefore, it no doubt belongs to the polycyclic rubbers 
already mentioned and discussed below. The authors call it a 
“polymeride.” Maybe it is. Definitions in rubber chemistry are 
at present in a state of flux. The amorphous powder consists of 
two substances of the same composition, and of the approximate 
ratio 3:1, as shown by their solubility in benzene, the greater 
proportion being the soluble variety. It is from this difference 
that it is inferred that there are two addition products formed, as 
stated at the beginning. The authors show satisfactorily that the 
soluble and insoluble “polymerides” come from the correspond- 
ing varieties of rubber — the sol- and gel-rubbers — and offer these 
facts as additional evidence for the “two-phase” system of rubber. 

The authors assume the validity of Staudinger’s chain theory 
of the structure of rubber with free end valences (196), and con- 
clude that the addition of the stannic chloride occurs at these end 
valences. “Since SnCU possesses two reactive secondary valences, 
it is probable that two molecules of rubber hydrocarbon add to the 
SnCh in such a manner that upon subsequent treatment with 
alcohol some of the double bonds of the hydrocarbon bridge 
across to form rings in the more reactive positions of the double 
molecule, leaving other unsaturated bonds intact.” This is a 
graphic explanation but is supported by no experimental demon- 
stration. The authors have, however, shown very nicely that 
1 SnCh reacts with 10 CgHg groups, thus giving added evidence 
as to the size of the reactive portions of the rubber molecule. 

Titanium tetrachloride behaves like stannic chloride, giving 
both the soluble and insoluble “polymers” of rubber. Ferric 
chloride and antimony pentachloride react to give insoluble jellies, 
which with alcohol form white insoluble “polymerides” of rubber 
even when sol-rubber is used. These three reagents must be used 
in chloroform or carbon tetrachloride solutions because they react 
with benzene. 
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IS. Sulfuric acid 

Everyone working in a laboratory is familiar with the fact that 
concentrated sulfuric acid reacts with rubber tubing and stoppers. 
It also reacts slowly with crude rubber, as has been known for 
many years. It finally dissolves the rubber, slowly oxidizing it at 
the same time. Kirchhof (197) has isolated from such a solution 
an aldehydic acid to which he has given the formula CsoHjoO». 

Harries (198), in an effort to polymerize rubber into a higher 
modification and perhaps convert it into gutta-percha, tried the 
action of concentrated sulfuric acid on a benzene solution of rub- 
ber. It was rapidly transformed into an insoluble variety which 
separated as flocks. This amorphous precipitate was washed 
with aqueous sodium carbonate but could not be freed from ash. 
Harries believed, however, that the powdery product had the same 
composition as the rubber hydrocarbon, but that it was of a higher 
molecular weight. 

Marquis and Heim (199) used this same reaction in chloroform 
solution as a quantitative method for estimating the rubber 
hydrocarbon. When the amount of acid was not too great and 
the time of shaking not too long, they obtained a white, amorphous 
powder which was soluble in chloroform and benzene, and con- 
tained no sulfur. The analysis of the product did not check up 
exactly for CsHg, and they thought that the acid had caused the 
addition of the elements of water. The discrepancy can probably 
be accounted for by oxidation. Increase in the amount of acid or 
in the time of the reaction gave an insoluble product. 

During the last few years Kirchhof (197) has continued this 
work, has substantiated the foregoing, and has shown from the 
bromine content of the reaction product with bromine that the 
“sulfuric acid-rubbers” are probably not more than about one- 
quarter as unsaturated as rubber. Since bromine substitutes as 
well as adds in these cases, the unsaturation may even be a little 
less because the analytical value represents the maximum. 
Samples which are heated with sulfur contain not over 10 per cent 
of combined sulfur, which is equivalent to approximately 25 per 
cent of the unsaturation of rubber. Ozonization work gives 
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no levulinic aldehyde, because no products are formed that give 
the pyrrole reaction. Concentrated sulfuric acid also produces 
similar products directly from latex. It is almost impossible to 
obtain these products pure, and they generally contain a small 
amount of ash and sulfur. Kirchhof stated that the decrease 
in unsaturation was probably due to the mutual saturation of 
some of the double bonds in the rubber molecule, forming tetra- 
methylene rings, but later added that it might be due to some 
other form of cyclization. The softer varieties of wild rubbers 
give products which soften under moderate heat and can be 
molded. When melted they are converted into hard shellac- 
like substances which are soluble in benzene. 

Fisher (200) found that concentrated sulfuric acid can be mixed 
directly into rubber on a rubber mill, and when batches containing 
5 per cent of the acid are heated under various conditions they are 
converted into moldable thermoplastic masses. The products are 
somewhat oxidized, are only partially soluble in benzene and 
chloroform, and are much less unsaturated than rubber itself. 

If one part of rubber dissolved in petroleum ether is treated with 
ten times its weight of concentrated sulfuric acid, and then with 
three times its weight of formalin, two parts of an insoluble powder 
is obtained. Kirchhof (201) has named this “rubber formo- 
lite.” Heating does not melt but simply chars it. Bromine 
reacts with it, probably adding and substituting, the resulting 
product containing only 12.6 per cent of bromine. 

14- Polyq/clo-ruhbers 

In the last section an account was given of Harries’s (198) 
attempt in 1910 to pol 3 rmerize rubber into gutta-percha by 
treating it in solution with sulfuric acid. Although he was un able 
to free the resulting powdery, non-elastic product from inorganic 
salts, he considered that it had the same empirical formula as 
rubber but that it was in a higher state of polymerization. 

Ostromislenski (202), by comparing the properties of polyvinyl 
bromide and erythrene-rubber dibromide, found that when the 
latter was heated with zinc dust the bromine was removed 
and a hydrocarbon formed, to which he assigned the formula 
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C 32 H ^8 and for which he coined the name "cauprene” (from kaut- 
schuk and polyprene). Cauprene adds much less bromine and 
hydrogen chloride than would be expected, forming compounds 
with the formulas CtsH 48 Br 4 and C 82 H 48 -21101, respectively. 
These are saturated compounds and he therefore concluded; 
‘‘the formation of cauprene from cauprene bromide, its composi- 
tion, the composition and chemical character of the bromide 
and hydrochloride of cauprene, characterize it as a representative 
of a new, peculiar class of 32-membered polycyclic hydrocarbons.” 

Kirchhof (197) , as also described in the previous section, studied 
further the action of sulfuric acid on rubber in solution and found 
that the products were about 25 per cent as unsaturated as the 
rubber hydrocarbon itself. He concluded that sulfuric acid does 
not polymerize the rubber hydrocarbon but changes it into a new 
hydrocarbon, physically and chemically distinct, and probably 
containing tetramethylene rings. 

At about this same time Harries and Evers (141), by the 
action of zinc dust on a solution of rubber hydrochloride contain- 
ing an excess of free hydrogen chloride, obtained a hydrocarbon 
which was thermoplastic, and from a series of varying analyses 
concluded that they had prepared a partially hydrogenated mb- 
ber of the formula (CioHi 8 ) 4 , to which they gave the name “alpha- 
hydrorubber.” Later, Staudinger and Widmer (85) in repeating 
the work of Harries and Evers, and using the hydrobromide as well 
as the hydrochloride, found that the product is not a hydrorubber, 
because it has the same empirical formula as the rubber hydro- 
carbon, and, from the absorption of bromine, that it is less than 
half as unsaturated as the rubber hydrocarbon. Harries and 
Evers had prepared the hydrochloride and the ozone derivative, 
and a study of the analytical figures for these substances also 
shows approximately the same change in the unsaturation. 
The product is therefore a cyclic rubber. 

In the course of their work on the destructive distillation of 
rubber, Staudinger and Fritschi (203) reported that the resinous 
residue, according to its bromine absorption, was approximately 
one-half as unsaturated as the rubber hydrocarbon. Staudinger 
continued the study of the action of heat on rubber and with 
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Geiger (95) gave a complete account of this work (see p. 72). 
The change in unsaturation begins to take place around 200°C. 
and is rapid above 270°C. An almost quantitative yield of the 
product with the lesser unsaturation is obtained when rubber in 
the presence of ether is heated in an autoclave for two days at 250° 
C. The product can be isolated by precipitation with alcohol. 
Fisher and A. E. Gray (52) obtained similar products from rubber 
which had been heated in sealed tubes. 

Fisher (200), working independently, discovered that by mixing 
comparatively small amounts, approximately 10 parts to 100 of 
rubber, of an organic sulfonyl chloride or an organic sulfonic acid 
into rubber on the mill, and then heating the mix in sheet form 
at 125-35°C., the rubber is converted into tough, thermoplastic 
products resembling gutta-percha and hard balata. If heated 
sinolarly in bulk there is a pronounced exothermic reaction and the 
products formed are hard and thermoplastic, like shellac. A 
study of the chief constituents of these various products, wherever 
it was possible to isolate them, shows that they consist of hydro- 
carbons of high molecular weight with the same composition as 
that of rubber, (CsHg)* (204). In order to differentiate these 
products which are isomeric with rubber, they have been given 
the general name “thermoprene,” signifying a thermoplastic 
unsaturated hydrocarbon derived from polyprene, Weber’s name 
for the rubber hydrocarbon. In order to distinguish between 
the varieties, certain letters are added to signify the type, such as 
GP for gutta-percha, HB for hard balata, and SL for shellac-like, 
— ^for example, thermoprene-GP. 

The addition products formed with rubber in solution by 
the action of stannic chloride, ferric chloride, etc. (p. 112), when 
treated with alcohol also give products of these same general char- 
acteristics. The action of aluminum chloride (205) is probably 
also fundamentally the same. Staudinger (85) concluded that the 
action of zinc dust and hydrogen chloride on the rubber hydro- 
chloride in solution really consists of the action of zinc chloride on 
the rubber (or isorubber) regenerated from the hydrochloride by 
the loss of hydrogen chloride, because he found that zinc chloride 
converts rubber in solution into a less unsaturated hydrocarbon. 
The product, however, is soft and sticky. 
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When rubber is mixed on the mill with ferric chloride, ferric 
bromide, or other amphoteric metal halides, and the mixture 
heated at about 175°C., it is converted into similar products which 
probably are of the same type of less imsatmated rubber hydro- 
carbons (206). 

Other methods of isomerizing rubber have also been developed 
by Fisher (207). These consist of heating rubber with such 
agents as trichloroacetic acid, concentrated hydrochloric acid, 
diphenylamine hydrochloride, pinene hydrochloride, etc., chiefly 
in the presence of phenols, sometimes in solution and sometimes 
not. Piunmerer, Nielsen and Gundel (72) have cyclicized sol- 
rubber by heating it for several hours at 90°C. and 60 atmospheres 
of hydrogen in the presence of platinum black. When nitrogen 
was used there was no cyclization. A very interesting method of 
isomerizing rubber has been discovered by Fromandi (208). It 
consists of the action of a high tension alternating current on a 
solution of rubber in decalin in an atmosphere of hydrogen. 

Although these substances vary considerably in their physical 
characteristics, from rubbery types through the gutta-percha and 
hard balata types to hard shellac-like types, all, when pure, consist 
of a hydrocarbon or a mixture of hydrocarbons with the formula 
(CsH*), and have less unsaturation than that of the rubber 
hydrocarbon itself. The unsaturation varies from about 57 per 
cent of that of rubber to about 20 per cent. Since there is no 
change in the composition, and since the molecular weights are 
not definitely known, the only explanation at present is that the 
change in unsaturation must be due to internal cyclic formation. 

Staudinger spoke of these products as monocyclo-rubbers and 
polycyclo-rubbers, depending upon whether the unsaturation was 
half or less than half that of rubber. They have also been spoken 
of as polymers of rubber. Polymerization of unsaturated hydro- 
carbons involves the loss of double bonds, and since the new 
products are less unsaturated than the starting material it would 
seem at first as if this were a proper designation. Polymerization 
would also involve an increase in the molecular weight. Now the 
soluble products form solutions which show typical collddal 
properties, and molecular weight determinations give values 
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from 8500 to 1570, depending partly on the solvent employed (73). 
These figures compare favorably with those for rubber itself and 
indicate that there is no increase in the size of the molecular par- 
ticle. The molecular weights of the insoluble products are not 
known. These may be very high. 

If the products had the same molecular wreight as that of the 
rubber from which they are prepared, then they would be called 
isomers and, more particularly, metamers. It is not certain 
whether they do have the same molecular weight, although this is 
indicated in some of the known results. Since there is no change 
in composition, the reaction is An isomerization and the products 
are therefore rubber isomers, if we use this term in its generic 
sense. It would seem best to use the term “rubber isomer” and 
not “isorubber,” because this latter term should be kept for those 
derivatives which are more strictly isomeric, for example, position 
isomers, such as Harries’s isorubbers obtained from the hydro- 
chloride, and for the parent substance of Bruni’s nitrones. 

Other physical constants also substantiate the conclusions 
discussed above, — ^namely, that the products have an internal 
cyclic formation. Most of the examples given below are from 
the work of Staudinger and his collaborators. 

The density is greater than that of rubber: for the rubber 
hydrocarbon dj^ = 0.920; for polycyclo-rubber dV = 0.992. 
The terpene hydrocarbons show similar increases in going from an 
open chain CkHu compound to a monocyclic and to a bicyclic 
compound: 

Myrcene « 0.803 Limonene » 0.845 Pinene » 0.862 
(open chain) (monocyclic) (bicyclic) 

The molecular refraction indicates the loss of double bonds and 
shows good agreement with the calculated values : 

Rubber hydrocarbon « 1.5222 Polycyclo-rubber * 1.5387 
Md(ioo) (C»H 8)4 -f 4 r Calculated* 32.28. Found for rubber, 32.19. 

(C 5 H 8)4 -fir ** 31.36. " “ polycyclo-rubber, 31.66. 

* These calculations are based on an unsaturation of 25 per cent of that of the 
rubber hydrocarbon, that is, the loss of 3 out of every 4 double bonds. The 
symbol f” stands for * ‘double bond,” and the molecular formula is given just for 

unit comparison. 
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The heat of combustion of polycyclo-rubber is less than that of 
rubber: 

Polycyclo-rubber 10,500 calories per gram 

Rubber hydrocarbon 10,970 calories per gram 

Kirchhof’s figure for sulfuric acid-cyclicized rubber is 10,075 
calories, recalculated to ash-, sulfur- and oxygen-free sample, 
because his product could not be purified properly (209). Weber 

(210) gives 10,669 calories for the rubber hydrocarbon. The fig- 
ure given in the comparison above was obtained by Messenger 

(211) and is the most accurate yet published. It follows therefore 
that the cyclization, as would be expected, is an exothermic reac- 
tion. This is in accord with the facts. 

The products formed by cyclization are, when pure, white in 
powdered form, and amber-colored in the melted condition. The 
x-ray spectrograms show them to be amorphous substances. 
When soluble, they dissolve in benzene, chloroform, carbon tetra- 
chloride, carbon bisulfide, gasoline, tmpentine, tetralin, some- 
times in ether, and do not dissolve in alcohol and acetone. These 
solutions vary in color from colorless to yellowish or yellow-green. 
They are much less viscous than solutions with corresponding 
amounts of ordinary masticated rubber. Concentrations of 25 
per cent are easily obtained. The softening and melting points 
depend on the method of preparation, var 5 dng from room temper- 
ature to 280'’C. They are much more stable toward heat than is 
rubber, as already mentioned. Extensive decomposition does 
not begin until about 350°C. The distillate contains neither 
isoprene nor dipentene but consists of other terpenes and polyter- 
penes. If any isoprene is formed it is completely polymerized 
by the heat. 

The amount of unsaturation is determined by titration with 
bromine or iodine chloride solutions. Bromine substitutes rather 
vigorously sometimes. The results obtained have been checked 
in a few cases by other means, — ^for example, by analyzing the 
addition products formed with hydrogen and with sulfm. Sulfur 
under vulcanizing conditions adds chemically, converting the 
polycyclo-rubbers (thermoprenes) eventually into hard, insoluble 
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non-thermoplastics. This change resembles the formation of 
hard rubber. If the thermoprenes are saturated with sulfur in 
solution they remain soluble and thermoplastic. The highest 
amounts of sulfur found by heating direct mixtures and solutions 
are 21.11-21.78 per cent, corresponding to 57.5-59.0 per cent 
unsaturation (204). Sulfur chloride in a solution slowly forms a 
gel, and the isolated products show irregular amounts of sulfur and 
chlorine (204). Hydrogen chloride and hydrogen bromide add in 
various amounts, apparently because they cause a further change 
in the unsaturation during the reaction. Sulfur chloride probably 
does the same thing. 

The polycyclo-rubbers slowly absorb oxygen from the air. 
Ozone forms an insoluble product which is quite different from 
rubber ozonide in that it is not explosive. Furthermore, when 
boiled with water it jdelds no levulinic aldehyde or acid. Analy- 
sis, in fact, shows that it is not an ozonide but a simple oxide 
(C5H80 )x. This composition is the same as that of the rubber 
oxide obtained with perbenzoic acid from rubber. A similar 
product of the same composition has also been obtained from 
thermoprene-GP by the action of perbenzoic acid. Potassium 
permanganate on polycyclic rubber produces another oxide 
of the same composition but different solubihty. These prod- 
ucts are very interesting theoretically, because although the 
polycyclic rubber contains a smaller proportion of double bonds 
than does rubber, strong oxidizing materials open up not only the 
double bonds but also the newly formed cycles. Sulfur appar- 
ently does not do this but adds only to the double bonds. 

The polycyclo-rubbers can be hydrogenated like rubber itself 
in the presence of a catalyst at high temperatures and pressures 
(85) (95). The hydro-polycyclo-rubbers are colorless, do not add 
bromine, and are stable toward hot nitric acid and potassium per- 
manganate. The amount of hydrogen added, as determined by 
elementary analysis, corresponds to the unsaturation shown by 
other means. 

Concentrated nitric acid reacts with polycyclo-rubber less 
energetically than with rubber but converts it into the same or 
a similar product. Long boiling with dilute nitric acid slowly de- 
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composes it, forming a water-soluble, nitrogen-containing acid, 
large amounts of hydrocyanic and oxaUc acids, and unidentified 
products. In solution nitric acid forms what is probably a nitro- 
polyc^clo-rubber, (CeHyNOa)*, as judged by its properties and the 
yield. It is more stable toward heat than is the corresponding 
derivative of rubber (see p. 111). 

Structure. None of the derivatives or decomposition products 
have given any inkling as to the structure of the polycyclo-rub- 
bers. Staudinger, working by analogy, has presented some 
results, however, which make it possible to build up a tentative 
scheme of the course of the reaction. He studied the action of 
zinc dust in the presence of hydrogen chloride on mono- and di- 
chloroparaffin hydrocarbons and terpenes, in which the chlorine 
was attached to a carbon atom to which a methyl group was also 
attached — a structure corresponding to the probable structure 
of rubber hydrochloride — and found that the chlorine was always 
split off as hydrogen chloride. 3-Ethyl-3-chlorononane, CuHssCl, 
was converted into the corresponding undecene, C 11 H 22 , which has 
one double bond the position of which was not determined. 
2,6-Dimethyl-2,6-dichloroheptane gave very interesting results; 
two equivalents of hydrogen chloride were removed and the com- 
pound was converted into alpha-cyclogeraniolene, the constitu- 
tion of which is well known (212). The yield was 31.5 per cent. 

(9) (8) (9) (8) 

CH, CH, CH, _CH, 

CH, • C • CH, • CH, • CH, • C • CH, CH, • C • Ch, • CH, • CH : C • CH, 

(1) |(2)(3) (4) (5) j(6)(7) (1) (2) (3) (4) (5) (6) (7) 

Cl Cl 

2,6-Diinethyl-2,6-dichloroheptane a-Cyclogeraniolene 

(For the sake of comparison, the 
numbering of the carbon atoms is 
the same as in the straight chain 
compound.) 

(1) CH, CH, (9) 

\ / 

c 

/( 2 )\ 

or (3) H,C CH, (8) 

I I 

«) H,C C — CH, (7) 

C 

H 
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If the reaction is the same in the conversion of rubber hydro- 
chloride into polycyclo-rubber, then by analogy it can be repre- 
sented as follows : 

CH, CH, CH, CH, 

I I I I 

. . . .CHiCCH,CH,CH,CCH,CH,CH,CCH,CH,CH,CCH,-CH,. . . 

till 

Cl Cl Cl Cl 

Rubber hydrochloride 



. . . .CH, C CH, CHa CH:C CH, CH, CH, C CH, CH, CH:C CH, CH,. . . . 

Polycyclo-rubber 

It is obvious that there are other possibilities in writing this 
structure, with the double bonds and the cycles in different posi- 
tions, but this one gives a good analogous picture. 

16. Vulcanization, acceleration and aging 

Vulcanization, acceleration and aging are of the utmost impor- 
tance in rubber technology, and yet at the present time complete 
chemical and physical explanations of them are not available. 
The practice generally precedes the theory, and, in this case, with 
the practice well developed, science apparently has a long way to 
go before it will provide complete explanations. The writer has 
no intention of going into a lengthy review of all the theories 
already set forth to explain these subjects, nor of propounding any 
new theories. He believes, however, that a r4sum4 of the impor- 
tant contributions to these subjects would be worth while. 

Vulcanization. When a mixtiue of rubber and sulfur is heated 
under proper conditions at “vulcanizing” temperatures, around 
140°C., there takes place a gradual change from a plastic, tacky 
mixtme to a very elastic, very strong, non-tacky product, which 
is familiar to all in the form of rubber bands, inner tubes, etc. 
In the industry this condition is designated as a good “cure.” 
The early stages are known as “under cures,” and the later 
stages, when the product on longer heating becomes weaker, as 
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“over cures.” The most important difference between raw and 
vulcanized rubber is the increased resistance to plastic flow, or its 
permanent set. Properly vulcanized rubber, when stretched 
and allowed to return, goes back practically to its original shape, 
whereas raw rubber does not. Furthermore, this stretching and 
returning can be done many times without causing any particular 
change in the original shape. Too long heating produces a 
“reversion,” and the product becomes softer and sometimes tacky, 
and on standing slowly “perishes.” The time of heating for a 
good rubber-sulfur cure is about three hours, and such a vulcan- 
izate will contain at least 2.5 per cent of combined sulfur. Weber 
(213), in order to make a proper comparison between combined 
sulfur and the rubber hydrocarbon in compounded stocks, sug- 
gested the use of a coefficient of vulcanization. This coefficient 
is an arbitrary number, being the percentage ratio of sulfur 
and the original rubber present. Vulcanizates, even of rubber and 
sulfur alone, do not necessarily have the same physical properties 
when the coefficients are the same. The rate of combination is the 
same, but the properties vary with the pre\nous treatment of the 
rubber (214). Sulfur is soluble in both raw and vulcanized rub- 
ber (146), and the portion uncombined with the hydrocarbon, 
the “free” sulfur, slowly crystallizes out on the surface as a gray- 
ish powder, commonly known as “bloom.” 

The evidence for the chemical combination with sulfur is 
chiefly as follows : (1 ) that when extracted with a liquid which dis- 
solves sulfur but not rubber — for example, acetone — the sulfur 
is not removed beyond a certain definite amount, this amount 
depending on the conditions under which the rubber was vulcan- 
ized (215) (216); (2) that when so extracted with acetone to re- 
move the free sulfur, and then extracted with hot benzene, each 
fraction, dissolved and undissolved, contains the same proportion 
of combined sulfur as any other fraction and as the original (215) 
(217) ; (3) that there is no measurable transfer of sulfur when vul- 
canized rubber is heated with some raw rubber in solution (217) ; 
(4) that when raw rubber is heated in solution with as much as 
1000 per cent excess of sulfur, the product contains no more com- 
bined sulfur than the amount required for saturation of the rubber 
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hydrocarbon as determined by other means, both chemical and 
physical (144) ; (5) that the amount of unsaturatioh of vulcanized 
rubber, as determined by the addition of bromine (147) and iodine 
chloride (148) corresponds to the difference between that which 
can be accounted for by the combined sulfur, using one atomic 
equivalent of sulfur for each CjHa group, and the imsaturation 
of the original rubber; and (6) that the rate of chemical combina- 
tion is regular, and the velocity coefficient of the reaction has 
been found to be 2.65 for 10 degrees increase in temperature, a 
value agreeing with that generally obtained in the case of a chem- 
ical reaction (214). The combined sulfur has never been removed 
from vulcanized rubber and the original rubber regenerated. In 
other words, rubber has never been completely de vulcanized. 
Furthermore, completely saturated rubber, hydrorubber, is not 
affected by treatment with sulfur chloride (see p. 103). These 
facts leave no doubt that sulfur combines chemically with the rub- 
ber hydrocarbon, and they help to show that the theory of adsorp- 
tion put forth by Wo. Ostwald (218) is untenable. Nevertheless, 
they do not explain all that constitutes vulcanization. A brief 
statement, therefore, of some of the other theories of vulcaniza- 
tion may not be amiss. 

Brande (219), as far back as 1852, expressed the opinion that 
“the rubber acquires its new and distinct properties .... by 
the assumption of a new molecular condition; that, like phos- 
phorus, it has assumed an allotropic state.” Axelrod (220) 
postulated a depolymerization by the heat and a repolymerization 
by the sulfur, with simultaneous formation of a sulfur addition 
product. Kirchhof (221) regarded vulcanization as the trans- 
formation of rubber from a relatively unstable to a stable form, 
the chemical combination of sulfur being a subsidiary process. 
Ostromislenski (222) stated that “the process of vulcanization 
consists of two fundamental stages, (1) a chemical reaction in 
which only a small part of the rubber participates, and (2) an 
adsorption or swelling of the unchanged part of the rubber in the 
product of the chemical reaction.” Harries's (223) theory resem- 
bled Kirchhof’s. He thought of the raw rubber as a metastable 
form which passes into a stable form in the presence of sulfur, 
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and that the combination of sulfur is a secondary reaction or a 
post-vulcanization. Stevens (224) suggested that vulcanized 
rubber may consist of two phases, one the soft, unchanged, raw 
rubber, and the other the hard, tough, completely sulfurized 
compound, CjHsS, and that the latter is dispersed in the former. 
Twiss (225) likened these dispersed rubber sulfide particles to par- 
ticles having reenforcing properties such as carbon black, etc., 
and this idea has been elaborated with further experimental 
evidence by Stevens (226) ; this viewpoint is contested by Boiry 
(227) who showed that mixtures of rubber and carbon black 
could be separated into fractions containing different proportions 
of carbon black. Stevens's most recent work (228) includes an 
account of experiments in which hard rubber is made at low tem- 
peratures, 100°C., by the use of ultra-accelerators, and vulcanized 
products are obtained containing coefficients of vulcanization 
much beyond 47, the coefficient for CsHsS. 

Twiss (229) has investigated the vulcanizing action of the differ- 
ent modifications of sulfur, such as Sx (ordinary crystalline sul- 
fur), Sg, and Sx, and has shown that the differences, if any, are 
small. Peachey (230) \Tilcanizes rubber at ordinary tempera- 
tures by forming the sulfur directly in the rubber through the 
action of hydrogen sulfide and sulfur dioxide, to which gases 
the rubber is exposed alternately. Some of the sulfur combines 
chemically. Such a vulcanization can also be carried out in solu- 
tion, and Bedford and Sebrell (231) attribute the reactivity of 
the sulfur under these conditions to the formation of thiozone, 
following the earlier suggestion of Erdman (232) for regular sulfur 
vulcanization. Romani (233), working in Bruni’s laboratory, 
discovered that rubber can be vulcanized with tetramethyl- 
thiuram disulfide, especially when zinc oxide is present. He 
believes that a form of active sulfur is split off from the disulfide. 
Helbronner and Bernstein (234) vulcanized rubber in solution in 
the presence of ultra-violet light. The dried films contained up- 
wards of 0.78 per cent of combined sulfur. All the above methods 
use sulfur in some form or other (234a). 

Ostromislenski (222), working on the theory that the vul- 
canizing agent is one which both adds to the double bond and 
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oxidizes it, discovered two new classes of agents, neither of which 
contains sulfur; the polynitrobenzenes, especially m-dinitro- 
benzene and 1,8,5-trinitrobenzene, and benzoyl peroxide. The 
polynitrobenzenes work with and without the presence of certain 
oxides, such as litharge, and the vulcanizates are comparable to 
those made with sulfur. The amounts used are only 0.6-2 parts 
with 100 parts of rubber. The benzoyl peroxide must usually be 
present up to about 10 parts, but no other ingredient is neces- 
sary. Ostromislenski states that the action is probably chiefly 
an oxidation. Fisher and A. E. Gray (235) foimd that the un- 
saturation of these vulcanizatea was not changed from that of the 
original rubber, within the accuracy of the method employed. 
Therefore, if there is any oxidation it is very small in amoxmt. 
It is possible, of course, that oxidation would not involve the 
double bonds, but this seems improbable. Oxygen and sulfur 
have many properties in common, and oxygen may act like sulfur 
in this case. If it does, then the amoimt necessary to cause the 
change is very small. If the above is correct, then by analogy 
ordinary vulcanization is a change in the hydrocarbon brought 
about by the sulfur, perhaps acting catalytically , and the chemical 
union of sulfur is a secondary reaction producing a further change 
which gives properties that are very important in the manufacture 
of rubber goods, but which is a change of degree only, not of kind. 
When the sulfur adds, it is not known whether an atom adds to a 
double bond forming an ethylene sulfide type, or whether two 
atoms imite with two double bonds forming a bridge either in 
the same molecule or between different molecules or aggregates. 

It is not unreasonable to assume that the change is a type of 
pol}rmerization. The relative decrease in unsaturation caused by 
the polymerization of such large tmits would be very small indeed, 
— probably too small to be measured by our present methods. 
Now, rubber itself is regarded as a polymerization product of iso- 
prene, and isoprene can be polymerized into rubber-like products. 
In this polymerization the liquid isoprene is transformed into an 
elastic solid which is soluble in the rubber solvents but no longer 
soluble in many of the other solvents capable of dissolving iso- 
prene itself. Moreover, some forms of synthetic rubber are ap- 
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parently so highly polymerized that they are practically insoluble 
in all organic solvents. It seems possible, therefore, that raw 
rubber may be further polymerized into a product that is more 
resistant to solvents than raw rubber itself, and it seems possible 
that such a change may be the same as that occurring during the 
first stage of vulcanization. An objection which may be raised to 
this idea is that the reverse of the process, depolymerization, 
has never been carried out, or, in other words, as stated above, 
rubber has never really been devulcanized (236) (217). 

The question is quite open, and further work must be done to 
find out whether vulcanization is chiefly a polymerization, 
whether the method of combination of the sulfur causes the 
change, or whether the change is due to reaggregation, the disper- 
sion of sulfur addition products, etc. Time will surely tell. 

Reclaimed rubber, which is frequently spoken of commercially 
as “devulcanized” rubber, is manufactured not by removing the 
combined sulfur but by replasticizing old vulcanized rubber 
goods. The process in most general use is the Marks alkali proc- 
ess (237), wliich consists in heating the rubber under pressure 
with an aqueous solution of about 5 per cent of its weight of so- 
dium hydroxide. It is then thoroughly washed, strained, and 
“refined” by milling. About 250,000 tons of reclaimed rubber 
were manufactured in the United States in 1929. Only about 60 
per cent of this represents the original raw rubber, the other 40 per 
cent consisting of the compounding ingredients used in making 
the articles. Reclaimed rubber in rubber goods has a tendency to 
cause poor aging, but now with the use of antioxidants reclaimed 
rubber can be used to a far greater extent than formerly, and thus 
its use makes for a better economic condition. 

Acceleration. Accelerators (237a) of vulcanization not only 
shorten the time of vulcanization, but also make it possible to use 
lower temperatures and to obtain products with enhanced physi- 
cal properties and frequently with better aging qualities. Ac- 
celerators are used in small amounts, approximately 0.01 to 1.0 
part with 100 parts of rubber. Zinc oxide is often necessary for 
proper activation of the accelerator. Inorganic accelerators 
such as litharge and magnesia have been known for a long time. 
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but organic accelerators, used commercially in 1906 by Oenslager, 
were first given to the world in the published patents of Bayer and 
Co. (238) in 1912. Oenslager used aniline and thiocarbanilide, 
and the Bayer patents disclosed the use of piperidine and its CS*- 
addition product. The latter is typical of an “ultra-accelerator." 
In its presence rubber can be vulcanized in 2-3 minutes at 140°C., 
and also on standing for several weeks at ordinary temperatures. 
It will also gel a rubber cement containing sulfur and zinc oxide. 
Most organic accelerators contain nitrogen, some nitrogen and 
sulfur, and some, such as the xanthates, sulfur but no nitrogen. 
They apparently act by causing the formation of an active form 
of sulfur. 

Aging. A rubber band around papers set aside in a drawer 
becomes hard and brittle, the side wall of an automobile tire 
becomes cracked and crumbly, the rubber covering of a raincoat 
allowed to remain in the sun on the beach changes to a sticky 
mass; these familiar changes are typical of the aging of vulcanized 
rubber. All rubber goods, however, do not deteriorate like 
these. The old red hot-water bottles and red rubber bands 
showed excellent keeping qualities, and on this account even to- 
day many people still think of rubber as being red. These articles 
were vulcanized with crimson antimony sulfide (a polysulfide), 
and for some little understood reason such articles age very well. 
Nowadays very little “crimson antimony" is used, but since 
people have been so used to the good aging qualities of the goods 
maniifactured by its use, articles are made with a red dye added to 
imitate the color and an organic “age-resister" to assure proper 
keeping qualities. The short life of ordinary rubber goods has 
kept rubber from being xised in many places where it would be of 
great assistance, especially in building operations, machines, etc., 
and now that its life can be prolonged considerably, whole new 
fields have been opened up. 

Aging is the result of the action of air and light, separately 
or together. Only comparatively recently have chemists studied 
this question intensively, and they have foxmd that certain chem- 
icals can be added to rubber to prolong its life. These chemicals 
are termed “anti-agers," “age-resisters" or “antioxidants." 

COMICAL RBVXBW6, VOI.. VII, KO. 1 
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They are usually organic compounds, and the most useful have been 
the condensation products of aliphatic aldehydes and aromatic 
amines (acetaldehyde and aniline, and acetaldol and a-naphthyl- 
amine), and the phenyl naphthylamines. It is easy enough to 
test a chemical for its action as an accelerator of vulcanization 
because the time factor is small, but ordinary aging requires a 
long time. In order to provide an accelerated aging test, Geer 
(241) used an oven in which strips of rubber were hung and 
through which warm air, previously heated to 70°C., was passed. 
The strips of rubber were removed every other day during two 
weeks and tested for reduction of tensile strength and elongation. 
This method gives good predictions except for articles containing 
traces of copper or for those exposed to sunlight (242). Another 
method, and one very widely used today, is that devised by Bierer 
and Davis (243). The test pieces are kept in a bomb under 300 
pounds pressure of oxygen and at about 70°C. This test is much 
shorter, does not predict sun cracking, and conclusions may 
also be drawn from the tensile strength and elongation. 

A very fine review and bibliography of the subject is given by 
Kohman (244), together with much experimental work on the 
absorption of pure oxygen under constant, atmospheric pressure 
and constant temperature, 80°C. In the course of the absorption, 
the rubber first becomes tacky, then less tacky and dry, then weak 
and finally hard and brittle. The absorption of oxygen is auto- 
catal3diic in nature and appears to be both an addition and a de- 
composition reaction. Vulcanized rubber absorbs oxygen at a 
greater rate than raw rubber, and the rate of absorption increases 
with the degree of the cure. The deterioration is apparently pro- 
portional to the amount of oxygen absorbed, 0.5 percent of oxygen 
decreasing the tensile strenth by nearly 50 per cent. The action 
of anti-agers is probably one of negative catalysis rather than of 
preferential absorption. The rate of oxygen absorption may be 
greatly retarded by their presence, and their effectiveness varies 
with their concentration and chemical constitution. Stretched 
rubber deteriorates much more rapidly than when at its original 
length (245). In ozone and sunlight it deteriorates most rapidly 
when stretched to 105—10 per cent. During the initial stage of 
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oxidatioB, the per cent of oxidation products increases much 
more rapidly t^n is indicated by the acetone extract, and on 
further oxidation, the products become insoluble in ether (246), 
Heating compounds in inert gases results at first in an increase in 
tensile strength because of a curing action, and then in a slow 
decrease which is insignificant as compared with the effect pro- 
duced by oxygen. 
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A REVIEW OF THE THEORY OF METALLIC 
CONDUCTION 

T. J. WEBB 

Department of Chemistry, Princeton University, Princeton, New Jersey 
I. PROBLEM OP ELECTRICAL AND THERMAL CONDUCTION 

The transport of electricity or of heat by metals is assumed to 
be effected principally through the agency of free electrons. 
These, imder normal conditions of the metal, are assumed to be 
in statistical equilibrium, for which a distribution function /# 
exists, such that 

ft (f, % t) dri di 

gives the number of electrons per unit volume the velocity 
components of which lie between $ and f + d(, n and i? + dij, f and 
f + df . It follows that n, the total number of electrons per unit 
volume, is given by the expression: 

(t, Vi r) 

in this expression dX is an element of the velocitynspace equal 
to dfdijdf, and the integration is to be extended over all values 
of the velocities. It follows also that, under normal conditions, 
the excess number of electrons passing (in the positive direction 
over the number passing in the negative direction) per second 
through a unit plane perpendicular to the direction corresponding 
with the {-component is 

J*«/« ({, V, f) “ 0 (1) 

Under the influence of a difference of potential or of a tempera- 
ture gradient in the metal, the distribution function is altered, 
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f(^> V) f) replacing /o({, v, t), giving rise to a stream of electrons 
corresponding with the direction of the impressed force or of the 
temperature gradient. In the case of a difference of electrical 
potential applied in the direction of the current per unit cross- 
section is 


y = 



f/fe u, f) d\, 


( 2 ) 


where e is the charge on the electron; correspondingly, in the case 
of a temperature gradient, the quantity of kinetic energy trans- 
ferred per second per unit cross-section is 



I' 


(f ((, V, r) dx 


(2a) 


where m is the mass of the electron and + »?* + f 

In the absence of collisions, the electrons which at a given time 
are in the element of volume dS of the metal and the representa- 
tive points of which in the velocity-space lie in d\, after the lapse 
of time dt, are in an element of voliune dS' of the metal, equal to 
dS, and their representative points in the velocity-space lie in 
d\', equal to d\. The electrons of the group considered have 
initially the same components of velocity, or with only infinitesi- 
mal variations, since their representative points lie in d\. Under 
the influence of a force giving rise to an acceleration X in the 
direction of the x-axis (i.e., the direction of f), operating during a 
time dt, | is altered to { 4- Xdt, xto x + ^dt, y to y + ridt, z to z 
+ ^dt; tj and f remaiu unchanged. Since, in the absence of 
collisions, the number of electrons (reckoned per unit volume) 
characterized initially by ij, f, x, y, z, t is equal to the number 
characterized, after the lapse of time dt, by the altered quantities 
just given, it follows necessarily that: 

/ (f, V, r, *» Vt *,<)=/({ + Xdt, Vt y + vdl,x + (dt, i + { dt, t + dt) (3) 

During the passage of a group of electrons from (dS, d\) to 
(dS', d\'), however, the number m the two groups does not in 
general remain the same on account of collisions. If & is the 
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number of electrons joining the group per second as a result of 
collisions and a the number leaving it, then 

+ (b-a)dt = f (.i + Xdt,ri,!;,x + Sdt,y + iidt, z + ^dt,t + dt) (3a) 

Since the right-hand side of equation (3a) may be replaced by: 

, V &/ a/ a/ a/ 

/ (it n, f, *> Vi ^ + + + + 

Of ax i>y dz at 

and since the function / is assumed constant in y, z, t for a steady- 
state condition arising from a force in the x-direction, it follows 
that; 


h- a 




(4) 


In order to simplify the calculation of (6 — a), the atoms are 
considered as rigid, elastic spheres; further, the atoms are con- 
sidered as immovable on account of their relatively large masses, 
and the mutual colhsions between electrons are ignored. The 
number of collisions between electrons of the group (dx) and 
metal atoms, such that the line of centers lies within a solid angle 
dw (equal to sinj? d& d<p) is first to be considered, d is the angle 
between the line of centers (at the moment of impact) and the 
direction of the velocity of the electron (figure 1) ; ^ is the dihedral 
angle between the plane POx (formed by the x-axis and a line 
drawn from the origin in the direction of the velocity) and the 
plane POQ (formed by two lines drawn from the origin of coordi- 
nates, one in the direction of the line of centers at impact, the 
other in the direction of the velocity). The velocity component 
in the direction of the Une of centers at impact is i; cos d. Elec- 
trons colliding in the manner specified must lie at the moment of 
impact on a surface-element of a sphere, the radius R of which 
is equal to the sum of the effective radii of atom and electron. 
This surface-element is R* sint) d& dip. All electrons of the group 
having positions at a given momenf within a distance equal to 
V cos d collide in the maimer specified during the ensuing unit of 
time. The volume therefore containing electrons colliding during 
a second in the specified manner is Rh) cost) sint^ d& dtp and since 
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there are /(f, n, i;)d\ electrons per unit volunae in the group, the 
niunber of such collisions per second by electrons of the group 
with one metal atom is 

f V t) ^ ■ K* V cosiJ sint) d9 df 

If there are n metal atoms per unit volume, the total naunber of 
collisions per unit volume per second by electrons specified by 



Fiq. 1. Gbometbical Relationships at Impact 


(, 17, such that the angle between the line of centers at impact and 
the direction of the velocity lies within the solid angle dw is 

n R* V f (f, ij, f) dX • costf sintf dfi dtf (6) 

The velocity-point of the deflected electron may be foimd by a 
consideration of the fact that the velocity-component parallel to 
the direction of the line of centers at impact is reversed, while 
that perpendicular to it persists. Reference to the simplified. 
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two-dimensional diagram of figure 2 (see p. 144) shows the 
nature of the results: 

/l+-<'2+Z3-^ 

A 

Z 1 + / 2 = J 

/2+Z3 

whence 


Z 2 = (7 + ^ 


sin 



I 

V 


— cos (flf -f- t?) = sin(7 sini? — cosg cost? 


(5a) 


a = ir/2 — t? 
a + ^ = ir/2 + I?) 


sin (a 4- y) “ cos (y — cosy cost? -f siny sint? (5b) 

From a comparison of equations (5b) and (5a), it follows that: 

“ + cosy cost? ~ — cosy cost? (6) 

V V 


or, 


£' = { — 2 ti coag costf 


(6a) 


By analogy, 

17' =« i; ~ 2 » cosA cost? (7) 

r' « i" ~ 2 » cosi cost? (8) 

The angles g, h, i are those between the direction of the line of 
centers at impact and the three rectangular axes. The deductions 
just made reveal the fact that the electrons of group (dx), upon 
collision with metal atoms, become members of other groups 
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{d\') all having the same total energy as the group (dx), the new 
components of velocity being related to the old ones by equations 
(6a), (7), (8). This fact in turn leads to a method of calculating 
the number of reverse collisions by electrons of groups (dx') such 
that after collision their representative points lie with those of 
the undeflected electrons of group (dx). It follows from expres- 



Fig. 2. Diagram of Velocities 

sion (5) that the number of siich reverse collisions by electrons 
from a group (dX') such that the angle between the line of centers 
at impact and the direction of the velocity v' is d' is 

n R* f n' f') d X' v' costf ' siniJ' dtf' dv (9) 


(v' = ti; = a; dX' = d\) 

where the values of v', t' depend upon the orientation of the 
line of centers at impact. Hence, 

f»r/2 /*2r 

5 — I [/ ({', n', f') - / (f, V, {■)] co8t» sintf dO dtp (10) 

Jo Jo 
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and from equation (4), 

nR*v (t' V f') - / (« n r)l coBtf aintf <ii» - Z I 7 + f (11) 

Jo Jo «>* 

A solution of the equation, in the form 

/ - /o + { X (») (12) 

is to be tried, where /o is the normal distribution function and 
x(v) an unknown fimction of the velocity alone. Substitution in 
(11) gives: 

n R* 0 X (b) (* (* ({' ~ l) costJ sin^ ddd<p“X + f ■— (13) 

Jo Jo 0£ o* 

On the right-hand side of the preceding equation /o is used instead 
of the more exact/o + fxCf)* This procedure is permissible as an 
approximation, on account of the form of the expression and of the 
fact that /o is large in comparison with its perturbation. Obvi- 
ously this approximation would be useless on the left-hand side 
of the equation. Substitution of the value of ({' — f) from equa- 
tion (6a) gives: 

'/2 ^2t ^ ^ ^ ^ 

— 2 n K* »* X («>) \ I coBjf coB’tf Bintf d9 dtp X ■— + (14) 

Jo of 

The line of centers at impact (PR ... Q in figure 1) and the 
axis Ox are not necessarily in the same plane; g is the angle 
between these two lines. Ox is inclined to the line OP (the 
direction of v) at an angle ju. The fine of centers is inclined to OP 
at an angle <p is the dihedral angle between the plane (PR . . . Q 
and OP) and the plane of (Ox and OP) ; whence, 

ooeg » ooBM oos^ + ain/i Bini) oob^ (15) 



Substitution in equation (14) gives: 

pir/2 p2» 

— 2 n R* »* X (v) I 1 (coBM oostf + sin/u Bin<l cosoi) cos* 9 sintf d9 d<p (16) 
Jo Jo 
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m 

The result of integration with respect to v? is: 

— 4 fl-n V X W ^ 1 co8*i? sint? dd = X *- — h f r (17) 

Jo 

integration with respect to t> gives: 

- T n X (») £ = X I-- + { ~^“ (18) 

dx 

The unknown function x (i’) is thus found to be: 


(„) = __J fx (18a) 

vi\ di bxj 

in which I has been set equal to — The essayed solution 

^ irnR^ 

in which x is assumed to depend upon v alone is thus found to 
be satisfactory since ^ itself disappears from the right-hand side 
of equation (18a) upon performing the indicated operations, 

|_i a f » a » J‘ 

Hence, the distribution function describing the system is 


/ = 




+ £ 


^o\ 
d xj 


(19) 


and by equation (2), the quantity of electricity J transported per 
second per unit cross-section is: 

J- = e + (20) 

and by equation (1) 




(21) 
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The quantity of heat W transported per second per unit cross- 
section is, similarly, 


W 




dX (21a 


II. APPLICATION OP CLASSICAL STATISTICS TO THE PROBLEM OP 

CONDUCTION 

In SO far as the assumptions and approximations of the last 
section, which constitutes essentially the treatment of Lorentz, 
are adequate to describe the 'phenomenon of conduction in 
metals, there remains only the choice of a normal distribution 
fimction/* and its application to formulas (21) and (21a) in order 
to obtain a final solution of the problem. The classical distribu- 
tion function of Maxwell and Boltzmann was used by Lorentz 
and is easily obtained by commencing with the relationship 
accredited to Boltzmann connecting the entropy of a system 
with its thermodynamic probability. The latter quantity is 
defined as the number of microscopic complexions in a given 
collection all of which correspond to the same macroscopic state 
of the system. A given microscopic complexion is specified by 
means of the position coordinates and corresponding components 
of momenta of each of the molecules of the system. Varying 
numbers of microscopic complexions thus correspond with various 
macroscopic states, there being the maximum number of micro- 
scopic complexions in the equilibrium macroscopic state. The 
various microscopic complexions corresponding with a given 
macroscopic state differ by permutations of the individual mole- 
cules, the individuality of the molecules being insignificant as 
regards the macroscopic state. Boltzmann’s relationship is 

S - it log TV (22) 

where S is the entropy, k a proportionality constant to be identi- 
fied later, and W the thermodynamic probability corresponding 
with the state of the system giving rise to the entropy S. In 
order to specify the positions and momenta of the molecules it is 
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convenient to conceive a space of six dimensions, along three 
of the axes of which the space coordinates of the molecules are 
represented, and along the other three axes of which the coordi- 
nates of momenta are represented. This six-dimensional space 
(the phase-space) is divided into cells of equal magnitude; the 
magnitude of a cell is small in comparison with the entire space 
representing the system. A macroscopic state of a system is thus 
specified by Ni molecules having representative points lying in 
cell 1, Ns molecules in cell 2, .... N. molecules in cell s. 
The nmnber of ways in which this distribution can be realized by 
a system containing N molecules is : 


W = 


N I 

NtlNsl A^. !’ 


(23) 


2 AT. = AT (24) 

« 

The total energy E is accordingly; 


E = X t,N. 

where ei, « 2 , . . . «. are the energies characteristic of the cells 1, 2, 
.. . 8 , and the summations are taken so as to include all of the cells 
of the phase-space. If the distribution is an equilibrium one, 
then it gives rise to the maximum entropy; or 

^ « S = « log = 0 (25) 

K 

for any arbitrary, small variation in the equilibrium. If the 
system contains a constant nmnber of molecules and a constant 
energy, it follows that 

« JV = 2 « AT, = 0 (26) 

« 

« = 2 «, « AT. = 0 (27) 

as subsidiary conditions on the arbitrary variation in the equilib- 
rium. By an application of Stirling’s formula. 


log » I « 0? log X — X, 
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it follows from equation (23) that: 

logW “ N logN - N - X N. log N. + XN, (28) 

« « 

and 


« log W - - S (log + 1) « IV. - 0 (29) 

9 

The subsidiary conditions, SN - 0 and SE = 0, rob two of the 
sN’a of their independence. Thus any variation, subject to the 
imposed conditions, involves at least three cells: 

- -as = (iogAr, + i)sjVi + (iogAr, + i)«Ar,+ (iogAr, + i)«jv, = 0 (30) 

SN = 5 iVi 4" 5 N% 4“ 6 Ni =» 0 (31) 

B E ^ €i 5 Ni 4" ^ ATj 4“ ** 5 JV| 0 (32) 

These equations may be solved by finding quantities a and p by 
which equations (31) and (32) respectively are to be multiplied, 
such that upon addition of the three equations the coefiicients of 
sNi and &N 2 vanish. Then 

(log N, + l+ a + p»^SN, = 0 


and since 


«Ar, + 0 

(log iV» + l+ « + j8€i = 0 
AT, = Ae-'*- 

where A is a constant. 

If cells 2, 3, and s are now chosen for the arbitrary variation, 
with the same multipliers a and p, the coefiicients of dNt and 
sNt vanish, and hence that of dNt] or 

JV. -AT'*" (33) 

The constants a and p can be determined from a fomaal compari- 
son of thermodynamic quantities with the equations themselves: 
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-7 a 5 ■= 0 

k 

aSN ~ 0 
fiSE 0 


j^SS-aSN-0SB~O 


If partial differential coefficients, at constant volume, are formed, 
it follows that: 


1 

k 

1 

k 



From the definition of the change in entropy of a given quantity 
of matter: 


dS 


dE + pdV 


( 36 ) 


where T is the absolute temperature and p the pressure. It 
follows that 


kT 


( 37 ) 


( d s \ 

— r- ) may be found by considering the 

O N / E.V 

entropy as a function of the three independent variables E, V, N. 


By means of (36), 
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F- 


m-E -vV)\ = 


-T,p 




~akT (40) 


or 


where f is the chemical potential, i.e., the "partial molal” free 
energy (reckoned per molecule). Had the partial differential 
coefficients been taken at constant pressure instead of at .con- 
stant volume, the significance of both « and would have been 
altered, but altered in a maimer such as not to affect equation 
(33) ; for the system of equations (33) determines the maximum 
entropy, and with constant N, E, and V the entropy, as well as 
pressure, etc., is fixed. 

The following equations serve for the determination of the 
constants A and k : 


N = = ASe = A ^ e dp. dp^ dp. 


JS = 2Ar, e. = A2«,e 


-•/’‘T , , . 

e e dp, dp, dp. 


(42) 

(43) 


where p„ p„ p, are components of momentum corresponding with 
the energy e. If the energy is wholly kinetic, 


“ m V* = f 

(44) 

m 9 (fti » (2e 

(46) 

V2 r 

V* dv == — r V 6 de 

(46) 


Also 


dp, dp, dy, m* di dn) dt m* dv slntf da d^ (47) 

where «>, are angles determining the direction of the velocity in 
spherical polar codrdinates. 
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Whence: 


» CO » r « 2 IT 

iV- V2Am*/2 I I 1 e i>T ^/^dtsvD9di^dv’- 

t/« » 0 t/d ■■ 0 t/fP - 0 

r*® P*" /^2 ir •_ 

E \/2 A I I I e * ^ sini^ (iiJ = 

t/« ■■ 8 t/^ » 0 c/ <p “ 0 

2*^ X 4 mV* J[”e~^ .»/* * 


2*^ X 4 mV* 


e"*r€» dc = (fc T)’' + ^T (n + 1) 


r (3/2) = ^ V* 


r ( 6 / 2 ) = ; 

4 


N = {2 Ttnh D*/* il; .1 - 


(2 X m fc r)V* 




The heat capacity of the gas, 


= ^ 


Whence by comparison with experiment, 


(48) 

(49) 


(60) 

(61) 

(62) 


where R is the molar gas constant. 

On the basis of classical statistics, therefore, it follows that the 
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number of molecules having components of momentum lying 
between p, and p, + dp,, p» and p, + dp„ p, and p, + dp, is: 

N (p,* + V + p,*) 

(2 T w fc dp, dp, dp, (63) 

where iV is the total number of molecules. The number having 
given velocity components is: • 

^ (2^^)*^ + + « d, dr (64) 

and the number having a velocity of magnitude v is 

/ m y/* "«»* 

The distribution function /o appropriate for application in 
equations (21) and (21a) is thus: 

/o = A' e"‘” 

where 

V\2rkTj \2^kT) 

and 


2fc T 

Equations (21) and (21a) for the quantities of electricity and 
of heat, respectively, transferred through imit cross-section per 
second are: 


J 



d( dv dt 


( 21 ) 


(2U) 
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€% A f — b ®* ^ 

— =-2A'be i 



fbA' 


- b«* 


bx 

[da; 

A' V* — 
b x 

e 


xih + ,ih.^ 

b^ ^ bx 

> “b»* / 

fa ( 

^2A'bX 

< 

bA' bb\ 

(56) 


Whence 

r , C -‘hi^/2A'hX IdA' . J 

J - e • I \ e ( h -4 t) — ) rfM’? (57) 

J \ V dx bx/ 

W = r^*e (2 A' h X V V + A' t>* (ii 7 (57a) 

2^1 \ bx bx/ 

t’2 

may be replaced by d?? df by 4 tt dr, and t;* by g, 

o 

whence 


IjLfJ 

3 

2 v I m 


f--{- 

/»»« 

J 


hXq^ 


— bq n J 
e q dq 


Id A' ,A'bb \ 

(58) 

lb A' A' bb \ , 

(58a) 

gt ^ qsjdq 

2 bx ^ 2 bx^/^ 

n I 



,n 4 -l 


if n is an integer. Whence 

At el / A' X _ ^ 

3 \ b 2h^ bx b*bx) 


W 


2 T I tn 


/ 2A’X _ i 3j4' £b\ 

y 6» b' bx h* bx) 


(59> 

(59a) 


The coefficient of electrical conductivity o, under the condition 

(dA' 

"Sx “ 
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^ = 0 1, is easily obtained from equation (69). The acceleration 
bE 

X is given by — where E is the electric intensity. Whence, the 
value obtained by Lorentz : 

£ _ iT e*l A' 

E Z mb 


” “ V2 » * r/ 


2 ib r 

m 


— a/~^ 

,8/2 y 2 fc r 


e* In 

3 Vs xtnkT 


(60) 


The coefficient of thermal conductivity in a conductor in which 
there is no flow of electricity can be obtained from equation (59a) 
by utilizing the relationship J = 0 from equation (59). 


il e I _ _L 
3*y6 2 6»da:'^6>a*/ 


(61) 


whence 


2 A' X Id A’ 2A'db 
b> dx b* dx 

Substitution by means of this equation in equation (59a) gives 



^-T 

, A'db 

(63) 

b b 


m bT 

(64) 

b X 

“ ora * 

“ ~ 2kT*b X 


A’ n 

/2 ib r\®/* 



64 - ,8/2 




or, 


8 t n r ^ 
3 \/2 r m k T d X 


(65) 
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If the coefficient of thermal conductivity k is defined by the 
equation 


W - 



( 66 ) 


the value obtained by Lorentz follows from comparison: 


1C 


8 I nh^T 
3 ' ^ 


(67) 


and 


^ = 2 T - 0.165 X 10-“ T. 

The ratio has the value 4.8 X 10"“ for a temperature of 291°K. 

Experimental values for the ratio - for common metals show a 

proportionality with T, and at a temperature of 291°K have 
approximately the value 7 X lO"”, In the application of 
formulas such as (60) or (67), the quantity I, which is of the nature 
of a mean free path, is to be treated as an adjustable constant. 
For silver, as an example, if the number of free electrons is assumed 
to be equal to the number of metal atoms, the experimental 
value of a (1/1600 in c.g.s. units) in equation (60) leads to a value 
of I equal to 4.7 X 10“^ cm. The assumption just made regard- 
ing the number of free electrons leads, on the basis of classical 
statistics, to a heat capacity contribution to the metal of I Nk, 
and even though the heat capacity of the electron-gas of the metal 
caimot be measured, theoretical evidence concerning the heat 
capacity of metals points towards a very inconsequential con- 
tribution from the electrons. Thus, in accordance with the 
theory presented, it is necessary, in order to explain satisfactorily 
the experimental values of a, to assmne that the number of free 
electrons is approxhnately equal to the number of metal atoms. 
This assumption in turn leads to an absurdly large contribution 
to the heat capacity. 
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III. APPLICATION OP THE NEW STATISTICS TO THE PROBLEM OF 

CONDUCTION 

In the new systems of statistics, as developed either by Bose 
and Einstein or by Fermi, the fundamental postulate of Boltz- 
mann relating entropy to thermodynamic probability is retained, 
but the method of calculating the thermodynamic probability 
is altered. As in the classical statistics, a phase-space is con- 
ceived for describing a system and is divided into cells of equal 
magnitude h^, where h is Planck’s constant and / the number of 
degrees of freedom of the molecule. In the development of 
classical statistics as given in section II of this article, the magni- 
tude of the cells was not specified; nor was it necessary for the 
application there made. It would have been necessary there, how- 
ever, had a numerical calculation of the entropy been attempted, 
but such an attempted calculation would have revealed an 
inconsistency in the calculation of the thermodynamic probability, 
forcing an “ad hoc” revision but not affecting the form of the 
distribution function. Besides removing the inconsistency just 
mentioned, the new systems of statistics, and especially the system 
developed by Fermi, appear to have a deeper physical basis than 
docs the classical statistics. The statistics of Bose and Einstein 
and of Fermi both lead to essentially the same distribution func- 
tion as classical statistics for gases at high temperatures and low 
densities. There are marked departures however in the case 
of gases under conditions such that the ratio of the temperature 

T 

to the number of molecules per cubic centimeter — is compara- 
tively low. A gas in such a state is said to be degenerate. The 
conception of the free electrons in a metal as a gas and the 
assumption that the number of free electrons is equal to the 
number of metal atoms necessitate an extremely large value for 
n, as compared with gases under ordi^ry conditions of tempera- 
ture and pressure; even for comparatively high temperatures, 
T 

the ratio - is so low that the electron-gas is in a highly degenerate 
state. Hence it is to be expected that the new statistics in its 
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application to the problem of conduction should lead to results 
very different from those of the classical theory. 

According to the new statistics, a given state of a system (cor- 
responding with a region of the phase-space containing As cells, 
aU representing the same energy but different positions) is 
characterized by 


po A 8 cells being empty 

Pi A 8 cells containing one molecule 

Pr A 8 cells containing r molecules 

2 p, = 1 

The number of ways in which the given distribution can be 
realized, it being assumed that cells but not molecules have 
“identity,” is: 


ur « « * 

^ * (po A s) I (Pi A 8) I (pr A 8) 1 

and Wa, is interpreted as the thermodynamic probability cor- 
responding with the selected region of the phase-space. By 
Stirling’s formula: 

log TVii , = A 8 log A 8 — A 8 — 2 Pr A 8 log (p, A s) -l- 2 Pr A 8 

r 

« A « log A s — A fi 2 Pr log Pr “ A « log A « 


« - A « 2 Pr log Pr (70) 

r 

The logarithm of the probability per cell in the As-region is 
therefore 


- 2 Pr log Pr, 

r 

and the entropy of the entire system is 

S = fc log IF = — A: 2 2 p* log p* 
9 r 


( 71 ) 
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The summation with respect to r, according to the statistics of 
Bose and Einstein, runs from r = 0 to r = » and, according to the 
statistics of Fermi, from r = 0 to r = 1, (i.e., a cell is either empty 
or contains one molecule). The summation with respect to s 
includes all cells of the phase-space of the system, compatible 
with its energy and volume. The quantities p* etc. are to be 
interpreted as the probability that the s*** cell contains r mole- 
cules, etc., in the sense that 2p*r gives the average number of 

P 

molecules in the s* cell, the average number in the 

(s -f- I)*** cell, etc. 

In order to find the equilibrium distribution of a given system, 
it is necessary to render the entropy S a maximum, subject to the 
conditions of a constant number of molecules and constant 
energy. In accordance with the preceding notation the total 
number of molecules and the total energy are respectively: 


AT ■= 2 AT. = 2 2 p; r 

« ■ ■ 

(72) 

£ = 2 JV, e, = 2 2 », p; r 

(73) 


« 9 r 


where €i, € 2 , . . . «. are the energies characteristic of the cells 1,2... 
s. The entropy is rendered a maximum by setting sS equal to 
zero for any, arbitrary, small variation of the quantities govern- 
ing the distribution; i.e., 

- i « s - - « log = S S (log p* + 1) « p; = 0 (74) 


Likewise, in order that N and E be constants during the varia- 
tion: 

a AT = s « AT, = 2 S r « p; - 0 (75) 

9 9 r ^ 


■ 9 r * ^ 


(76) 


and further, since 


2 p; - 1 
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XX t Pi -0 (77) 

• r 

With three subsidiary equations restricting the general variation, 
three Sp’s are robbed of their independence, and hence any 
variation, subject to the imposed conditions, involves at least 
foiu: p’s. By an application of an exactly similar method as that 
used for the corresponding problem in the classical statistics; 
i.e., by finding quantities a, y by which equations (75), (76), 
(77) respectively are to be multipUed, such that upon addition of 
the four equations, (74) (75) (76) (77), the coefficients of three of 
the four 5p’s vanish, it follows that, since the fourth 5p cannot 
be zero, its coefficient must vanish, or 

(78) 

The constant y (requiring a subscript) can be determined at once 
from the relationship; 

Xp. = 1 - (79) 

r r 


e 


-l-ir. 


1 


X e 


-la + 0t,)r 


(80) 


In the statistics of Bose and Einstein, r = 0, 1, . . . . whence, 

r‘"^* = 1 - (81) 

and in the statistics of Fermi, r •= 0, 1, whence, 

* “ - 1„ ■i-H.-'t (82) 


The constants «, by reference to equations (41) and (37) and to 
their mode of introduction in equations (75) and (76) are recog- 

f 1 

nized respectively as — and pp. For a pure gas, the free energy 


(F = Nf) is thus 


F-^ + p7-rS= - N kTa 


(83) 
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The number of molecules in any cell a is, according to the 
statistics of Bose and Einstein, found from equations (72), (78) 
and (81) to be: 


AT. -'eVt-Fi - + 

r-0 ' L J 




(84) 


and, according to the statistics of Fermi, from equations (72), 
(78) and (82): 


N. 


2 p;r 
r -0 ' 




The total number of molecules and the total energy are respec- 
tively: 


AT - 2 AT. «« S 




(80) 


Jg = 2Ar.«.= 2 ^,^;;;^ . - . (87) 

From equations (71) and (78), it follows that the entropy is: 

S = - Ife 2 2 p; (- a r - t, r + log (1 + +^**’)I (88) 

« r 

where, in the cases of alternation in sign, the upper sign is to be 
read for the statistics of Bose and Einstein and the lower one for 
the statistics of Fermi. 

22p*ra-Ara;22p;«.r4»-^jr 

$ r • r 


whence 


S - iV*« + Hh *2 log (I + (89) 


and since 


F 


-NkT a, 0 


1 

Jb T’ 


CBIMICAL SIVIIWB, TOL. Ylt, XTO. 1 
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it follows that 

5 = - I + I + fc 2 log (1 + e" + (90) 

By reference to the thermodynamic definition of F, it follows 
that 

- + fcBiog (1 + (91) 

^ 8 

It is immediately evident from equation (85) that, if the gas 
is in a state such that 


the distribution function of Bose and Einstein, or of Fermi, 
becomes essentially A 

(A 2 e"'’** = = AT) (92) 

and is therefore as regards form in accord with the classical 
theory. Furthermore, with the condition that e“ 1, 

^ + 2 log (1 + e“““^‘*) ^ + 2 + = 2 e"'’** = N (93) 

K T s 0 0 


and by comparison with the experimental equation pV = RT,kia 
R 

identified with—, R being the molar gas constant. 

The constant A( = e““) can be determined from equation (92) 
by replacing the sum by the corresponding integral: 


f-J' 


^Pv dpg dx dy dz 
h* 


The magnitude of a cell in the phasenspace is thus assumed to be 
sufficiently small that for the purpose of integration it may be 
identified with dpjip^pjdxdydz. The integrations extend over 
all values of py, p, consistent with the energy and over all 
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values of x, y, z consistent with the volume. As in equations (44) 
etc., 


j’j’J’i.d,*- J 


- F 


dpz dpy dp» = v sin^ dd dtp » viT dt sint? d<p 

J *d * T 2r 

I Bind dtf d#> - 2®^ » V* dt 

d 0 ■■ 0 

whence from equation (94), 

„ A • 2»/**-Fm*/* f“ ^ (2 *• m fc r)»/* A 7 

jr — •‘"■v;* s («) 

it being legitimate to extend the upper limit to « on accoimt of 
the form of the function. It follows that 


* •wr t ““ ^ 


h* 


V {2rmk D®/* (2 T »» A D*/* 


(96) 


The condition of non-degeneracy (i.e., e“ = v ^ 1)» in which 

A 

case the form of the new distribution function does not differ 
essentially from the classical, is therefore that 


n A* 

(2 T m A D®/* 


«1 


(97) 


For helium gas at 273°K and one atmosphere pressure 

6.06 X io »\ 

22,400 
4 

6.06 X 10*v 

while for the free electrons in silver at 300°K 


A s 4 X 10-* <K 1 


m 


A SS 0.6 X 10* » 1 1 " “ M 
y,m 9.02 


X 6.06 X 10w\ 
2 X 10-** / 
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Accordingly, the free energy of a non-degenerate gas by 
equation (83) is: 

F~ -NkTar,NkTloeA^NkTloe^ ^^ (98) 

p 

whence, the entropy of a non-degenerate gas is: 

This theoretical value for the entropy of a monatomic gas cor- 
responds closely with experimental results (based on the third law 
of thermodynamics) and has been obtained by a variety of 
theoretical methods. 

In the case of a degenerate gas (i.e., one for which e-° = A 
> > 1) equation (94) can no longer be used for the evaluation of 
A, but rather the exact equation (86) from which equation (94) 
was evolved: 

1 , 2®/* » 7 m*''* f “ dt 

A 


2®/* X 7 (m * D®/* u»^du 


A* 


Jo 


( 100 ) 


+ 1 


where u is written for j^, and the minus sign corresponding with 


the assumption of Bose and Einstein is omitted, its significance 
becoming indefinite for very great values of A. The correspond- 
ing integrals for E and pV are: 


B ■■ 


2*/» X 7 ifc r (m t r)»^ 
h* 


J» 4 •“ + 1 

A 


( 101 ) 
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^f^rVkT (mk (*° 


log (1 + A «” “) du 


h* Jo 

Integration of equation (102) by parts gives: 

„ 2 ^^rVkT (mk (*" du 2 „ 

'-i — — ipr.'s* 


105 

(1Q2) 

(103) 


The generalized integral corresponding with equations (100), 
(101), etc., is: 


V, 


1 P" u'‘du 

r(p + i) Jo +1 


(104) 


where p = 1/2, 3/2 etc., and the gamma function of (p + 1) 
dividing the expression serves only in the definition of U/, e.g.. 


N 


(tnk 

h» 



Sommerfeld has shown that the asymptotic value of U, aa A -* 
00 (i.e., A — Ao) is: 


(log A,)<’ + ^ 
r (p + 2 ) 


(106) 


whence, to first approximations, for very large values of A : 


2»/* X V (« fc r (3/2) „ 4 T V . „„„ „ 

N Oog A)3^ = YfcT (2 « fc Oog A)»/» 


(106) 


^>^rVkT(mkT)^^ T (6/2) 
ft* r (7/2) 


Ar V hT 

(log A)*/* - ■ „ (2 m ft D«/» Oog A)»/* (107) 

0 v 


Equation (106) gives the value of log A, or more properly log 
ilo, in terms of measurable quantities: 

L»Y'* ft* / 

ir) 2mkT'\^~v) 


log At 


(108) 
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Substitution of this value in equation (107) gives for the value 
of the energy of a highly-degenerate gas: 


Ec 


4 iry 6 m 


(109) 


Sonunerfeld has shown that to a second approximation; 

and 

Eh is the so-called “Nullpunktsenergie” (independent of T)', the 
corresponding “Nullpunktsdruck” is 


2 Eh 


4ir feg 

15 m ^4 Try 


( 112 ) 


The “Nullpunktsentropie” is directly obtained from equation 
(89): 


Sh “ N h ctH k P Eq -{** 2 log (1 *|- 6 ® 

8 

l^a. = - log Ah; ^ fc 2 log (1 + «-“•-'’••) = ?^ = ? |“j 

whence 

Arfc|^-logA.-h|^.] (113) 

From equations (100), (101), (104), (105), 

6 Eh 6 r (6/2) 178/2 _ 6 T (6/2) T (6/2) (log ^o)*^ 

ZNkT“ It (3/2) t/i /2 “ i r (3/2) r (7/2) (log A«)»/* 


log At 
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[r (1/2) - \/i; r (* + 1) - as r (*), if » > OJ 
-S» - 0 

In the development of the statistics of (rotationless) mona- 
tomic gases just given, the statistical weight (oro ■priori probability) 
of each infinitesimal region of the phase-space is postulated to be 
equal to the extension in phase-space divided by the constant h?, 
i.e., 

rfp, dpy dp, dx dy dz 

h* 


This corresponds with the assignment of a statistical weight equal 
to unity for each mechanically possible stationary state of a 
(“non-degenerate”) quantized system. 

Current theories regarding the electron assign to it a spin. 
This consideration requires that its statistical weight be twice 
that of a rotationless mass-point, i.e., 

^ dp, dp, dp, dx dy dz, (0 «» 2) 


Thus, in the application of the preceding formulas to electrons, in 

1 (j* 

every instance 7 is replaced by -7-. The following list of 

ft ft 


altered and extended formulas is given for convenience in the 
subsequent deductions. ‘ 


N 

V 


2 »/ 2 , 


G(mk C 

h* Jo 


/o du 




(114) 


U, 


1 

r (p + 1) 


I 


/o uf* du 


(115) 


^ In the case of a non-degenerate gas, it is evident that /o • 


1 




becomes 


essentially A as in the Lorents application of the classical statistics. See 
Sommerfeld’s derivation of the Loren tz formulas, Z. Physik 47 , 23, 26 (1628). 
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To a second approximation: 


V% - log A 


(116) 

aogii)*r ,» 1 

2 1 |_ ® 


(117) 

(log .4)* r ** 1 

3! L 


(118) 

n r, 1 /2 T m )fe TV 
o) 1 i 2 { w ; 


(119) 


From equation (111), with the proper insertion of 0 , 

- - T [‘ - 5 »»> 

Whence the heat capacity of the electron-gas is 
^ fbE\ Ai^mGV IfiT { 

'=■ - (S?). ^ (iTfl) 

a quantity which is negligibly small for metals at ordinary 
temperatures. 

With the Fermi distribution function [/„ of equation (114)], 
equations (21) and (21a) for the electric current per unit cross- 
section and the quantity of heat transported per second per unit 
cross-section, become respectively: 


IT - - 


where 



(122) 


(122a) 

i T G ( ~\ dv ^ B dv 

(123) 
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Whence 


1 d/o 1 &/» - M I _1 1 Ml M ^ J 








By a change of variable, u ■» the equations become: 

k i 

Integration by parts of the first terms on the right gives: 

- - =4-* f [<¥)■ j* /• - -]}»-> 

These integrals correspond with the generalized integral of equa- 
tion (115) with p having the values 0, 1, 2. 

Whence 




For the case of electrical conductivity in a conductor at constant 
temperature, 
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“d r ^ bUi bUibT ' 

SB 0, sr SB 0 

d X d X d T d X 


eE 


and with the acceleration X given by — , where E is the electric 

m 

intensity, it follows that the coefficient of electrical conductivity is : 

/ 2 ^IkT 


^ „ . BVt 

E Z nfi 


(128) 


Substitution from equations (123), (116), and (119), the first 
approximation for log A being used, {G = 2), gives: 


3 A ysiry 


(129) 


In the case of a thermal conductor in which there is no elec- 
trical current: 


/ - 0 


2elB ]kT X Ud 


m 




(130) 


and 


*[©'•] 


kT U> 

Whence, by substitution in (127a): 


^ ^ TT - ;r K* 

3 m’ Utox ox 


(131) 


(132) 




Uo b X U 0 b X b X 




bfl 


From equations (117) and (118) 
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Whence, 


W 


41 Bk*T*Ui _ 3 ^ 

3m» y Ut ^Uijbx 


(134) 


Substitutions corresponding with equation (123) for B and with 
(119), (120) for Ui and Ut, give for the coefficient of thermal 
conductivity: 


JL = * ’Ti i r /3_nY'^ 

^9 h \Sr) 

& X 


(136) 


From equations (129) and (135), it follows that the Wiedemann- 
Franz ratio -, according to the Fermi statistics, has the value 

O' 

T, or 7.1 X 10 -1* for a temperature of 291“K. This value 

is in remarkably close agreement with the mean value of the 
ratio for the twelve common metals Al, Ag, Au, Cd, Cu, Fe, Ni, 
Pb, Pt, Sn, Zn; the individual experimental values however 
depart appreciably from this mean value. 

In spite of the closely agreeing value for the Wiedemann-Franz 
ratio, a glance at formula (129) for the coefficient of electrical 
conductivity reveals the fact that it does not give the proper tem- 
perature coefficient of the conductivity, — at least if Z is assumed 
independent of the temperature (i.e., independent of the average 
velocity, v). Sommerfeld has shown that the same formulas 
(129) (135) are obtained if, throughout the calculation, I is 
considered as a fimction of the velocity. According to the wave- 
theory of electrons, developed by Houston and Bloch, the quantity 
Z is a function of temperature, the atoms of the metal becoming 
more effective in electron-scattering the higher the temperature. 
Houston has shown theoretically by this method of reasoning that 
the conductivity of a perfect cryst^ varies inversely as the 
temperature over a considerable range of temperature. 
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THE REACTIONS OF HALOGENS WITH COMPOUNDS 
CONTAINING THE CARBONYL GROUP 

HERBERT BEN WATSON 
University College of North Walee, Bangor^ Wales 

I. KETONES AND KETONIC ACIDS 

It was first suggested by Lapworth (53) in 1904 that the charac- 
teristic replacement by halogens of the a-hydrogen atom in car- 
bonyl compounds might involve a preliminary change of the 
compound to its enolic form, 

I I 

c=0-f=0— OH, 

1 

The suggestion was based on his discovery that bromine reacts 
with acetone in dilute aqueous solution (to give monobromoace- 
tone) at a rate which is proportional to the concentration of the 
ketone, but independent of that of the halogen; the reaction, more- 
over, is accelerated to a very marked extent by mineral acids 
(well-known catalysts of keto-enol changes (52) (54) (62)). 
These observations led Lapworth to suggest that a slow change 
to the enolic form (catalyzed by acids) is followed by a very rapid 
reaction of the latter with bromine, 

(slow) Brt (rapid) 

GHj CO CH, » CH»:C(OH) CH, » CH.Br CO CH, + HBr. 

The results of Dawson and his co-workers (14, 15, 16, 17, 18), 
who examined the iodination of acetone and other ketones and 
of acetaldehyde, confirmed the conclusion that the reactions of 
the halogens with ketones and aldehydes are preceded by enoli- 
zation of the carbonyl compound. 

An extensive investigation of the keto-enol tautomerism of 
the /3-diketones and i8-ketonic esters (e.g. acetylacetone, ethyl 
acetoacetate) by K. H. Meyer, Knorr, and others, showed that 
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these substances exhibit this type of isomerism with great clear- 
ness. In the case of acetone, the actual existence of an enolide 
has never been demonstrated, although Freer (24, 25, 26, 27, 28, 29) 
has attributed an enolic structure to certain metallic derivatives, 
and the presence of enolide in alkaline solutions has been inferred 
(20) (23) (100) from the nature of its oxidation products. The 
jS-diketones and ^-ketonic esters, on the other hand, are normally 
equilibrium mixtures of the ketonic and enolic forms, and the 
relative amounts of each present have been determined by both 
physical and chemical methods. Moreover, in a number of in- 
stances, the individual tautomerides have been isolated in the pure 
state (^) (51) (65), e.g., the two forms CHs'CO-CHj-COOEt 
and CHi*C(OH):CH’COOEt of ethyl acetoacetate. Bromine 
reacts instantaneously with the enolides, but not with the ketonic 
isomers. 

It has recently been demonstrated, particularly by Dufraisse and 
H. Moureu (21) (22) (67) (68), that the a-diketones also are tau- 
tomeric substances, and these workers have isolated the individ- 
ual isomerides of phenylbenzyl, phenylanisyl, and benzyhnethyl 
diketones. The existence of the same phenomenon in the a-ketonic 
acids was indicated by the work of Schiff (84), Bougault and 
Hemmerl4 (6), and Gault and Weick (31), the last-named of whom 
isolated three forms of ethyl phenylpyruvate (the ketonic and two 
stereoisomeric monoenolic forms). Fxirther evidence of the eno- 
lization of o-ketonic acids has recently been obtained (42) by 
an investigation of the kinetics of bromination of pyruvic acid. 
In aqueous solution, the acid reacts with bromine at a rate which 
is independent of the concentration of the halogen, and this re- 
sult is interpreted in a simple manner (compare acetone) by sup- 
posing that a comparatively slow change to enolide is followed 
by a rapid reaction of the latter with bromine, 

(alow) Bti (rapid) 

CH,COCOOH » CH,:C(OH)C!OOH » CH,BrCOCOOH +HBr. 

The pure acid, however, xmder ordinary conditions, contains no 
appreciable amount of enolide, since the measurable reaction is 
never preceded by an instantaneous disappearance of a portion 
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of tile bromine. This is in harmony with the results of the physi- 
cal measurements of Perkin (76) and Briihl (9). 

Although keto-enol tautomerism is clearly possible also in 
7 -diketones and 7 -ketonic acids, its existence has not been demon- 
strated until recently. Investigation of the bromination of levu- 
lic acid in aqueous solution (42) has now indicated, however, that 
this acid reacts with bromine in its enolic form to give the /5- 
brominated dtrivative. 


(slow) 

OT, CO Cffl[* CH, OOOH > CH, C(OH):CH OH**COOH 

Brs (rapid) 

> CHrCO CHBr CHrCOOH +HBr, 

while the latter reacts more slowly, also after enolization, to form 
^5-dibromolevulic acid. 


(slow) 

CH, CO CHBr CH, COOH » CH,:C(OH) OHBr CH, COOH 

Br, (rapid) 

► CH.BrCOCHBrCHiCOOH + HBr. 

The facts outlined above point to the conclusion that, in general, 
the reactions of halogens with ketones, aldehydes, diketones, and 
ketonic acids are preceded by a change of the carbonyl compound 
to its enolic form. It is significant, however, that the enolide 
CH»-C 0 ’CH:C( 0 H )2 of ethyl acetoacetate has never been ob- 
served, while levulic acid brominates in the /S- and 5-positions and 
not in the a-position. Such evidence appears to indicate that, 
in the carboxyl group, the properties are modified in such a way 
that enolization does not occur. This is discxissed fully in sec- 
tion II of this paper. 

The mechanism of enolization and other prototropic changes 
has recently been discussed in terms of the electronic theory of 
valency, by Lowry (57) (58), Ingold, Shoppee and Thorpe (46), 
and Baker (3). Lowry believes (and* the suggestion dates back 
as far as 1899) that prototropic changes are not spontaneous, but 
depend upon the presence in the system of other molecules; this 
idea is based upon the observation of arrests of irregular duration 
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in the mutarotation of nitrocamphor (56) and of tetramethyl- 
glucose (61) in anhydrous media. He defines such arrests as 
the “period of time during which a pure substance is taking up 
the impurities which are needed to promote the change.” Ex- 
periments on the bromination of acetone, pyruvic acid and 
levulic acid (42) in chloroform or carbon tetrachloride medixun 
confirm Lowry’s view. In aqueous solution these substances 
react with bromine at a slow rate, i.e., slow enolizatidn takes place, 
but in the anhydrous solvents there is a relatively rapid reaction 
after an initial latent period, the duration of which varies for 
different portions of the same specimens of the reagents. Ward 
(92) observed a similar phenomenon in the bromination of pure 
pyruvic acid. The experimental facts point, therefore, to the 
conclusion that enohzation takes place only when some outside 
agent is introduced or developed in the system. 

According to Lowry, prototropic changes are possible only in 
presence of both a proton donator and a proton acceptor, the 
change consisting not merely in the transference of a proton from 
one point in the molecule to another, but in the release of the pro- 
ton to the acceptor and the gain of another proton from the dona- 
tor. This theory, as applied to mutarotation, has been verified 
in a striking manner by the observation (60) that, althou^ 
pyridine (proton acceptor) and cresol (proton donator) do not 
individually catalyze the mutarotation of tetramethylglucose, the 
two acting in conjunction form a powerful catalyst. Lowry’s 
view, therefore, is that two catalytic agents are necessary for the 
promotion of prototropic changes; he describes water, however, as 
a “complete catalyst,” since it fulfils both functions. As an ex- 
tension of these ideas, Lowry has elaborated (58) a mechanism 
to represent the change of enolide to ketone, which, when applied 
to the reverse change, may be formulated as follows: 


ni 

I I 

ketone 


e n 



ketonic ion 




efl e 



zwitterion 



enolic ion enolide 
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According to this scheme, the catalyst has no function other than 
that of proton acceptor and donator. A somewhat different view 
of the effects of catalysts on prototropic changes has been put 
forward by Baker (3) ; on the basis of a mechanism suggested by 
Ingold, Shoppee and Thorpe (46) to represent the interconversion 
of three-carbon tautomerides, he suggests that catalysts are of 
two types, — (o) those whch attack the ionizing proton directly, 
and (6) those which facilitate indirectly its liberation. 

It was pointed out by Meyer (62) that acids catalyze enol- 
ization far more powerfully in non-ionizing than in ionizing 
media — i.e., the acid exerts a far greater influence when in the 
covalent state (vide Sidgwick, Electronic Theory of Valency, p. 
93) than when ionized. This fact has been further demonstrated 
by the author’s measurements of the speeds of halogenation of 
carbonyl compounds in different media, and particularly by the 
observation that, in moist chloroform, the bromination of acetone, 
pyruvic acid and levulic acid (autocatalyzed by hydrogen bro- 
mide), although not showing an arrest, is very much slower than 
in dry chloroform. It is difficult to imderstand how this coiild 
be the case if the function of the catalyst is only that of proton 
donator and acceptor, but the observed effects of water and 
acids upon enolization may perhaps be interpreted by the follow- 
ing scheme, which includes the ideas of both Lowry and Baker. 
Water is regarded as merely giving and accepting a proton, while 
acids combine these fimctions wdth that of facilitating the re- 
moval of the proton (Baker’s second type). 

In carbonyl compounds there is doubtless a partial appropria- 
tion of electrons by the oxygen atom of the carbonyl group (81) 
(5), and in the general case of a compoimd CHj-CO-Z (where 
Z = CHj, COOH, etc.) this will result in one of the hydrogen 
atoms of the methyl group being in a state of “incipient ioniza- 
tion” (41) (46), 


H 


n n 

H— O— C=0, 


H Z 
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i.e., the electrons forming the covalent link are not shared equally, 
but come more imder the influence of the carbon than of the hy- 
drogen nucleiis. Considering now the case of enolization, (a) in 
pure water, (6) in water in presence of halogen or other acid, and 
(c) in non-ionizing media in presence of acids, the agents by 
which the change is induced are respectively, (o) HiO, (6) the 
H80+ ion, (c) the covalent acid. These may be regarded as co- 
ordinating with the carbonyl oxygen, to give respectively. 


|H 


(a) 


HlOHi 



l?_ 


(c) 


Hal 


The coordinated group thus provides a proton. In cases (b) and 
(c), however, an additional influence comes into play, for the 
“inductive effect” (44) of the positive pole in (6) and of the halo- 
gen atom in (c) will augment the electron shifts which lead to the 
ionizing of the proton, and will thus facilitate enolization.* The 
remainder of the coordinated group (OH', HjO, Hal') will then 
withdraw the incipiently ionized hydrogen atom, and these pro- 
cesses, together with the consequent movement of electrons 
through the molecule (perhaps as indicated by Lowry), will result 
in the production of the enolide. 

On this scheme, water acts only (as in Lowry’s mechanism) as 
a proton acceptor and donator, but acids, both ionized and coval- 
ent, also accelerate the change by rendering more easy the ioniz- 
ing of the proton. The catalytic effect of acids is thus inter- 
preted. Moreover, the superiority of covalent to ionized acids as 
catalysts is explained, for the proton will clearly unite with a 
bromine (or other negative) ion to give covalent acid more readily 
than with a neutral water molecule to give the H»0+ ion. 

^ The powerful electron affinity of the halogens is exemplified in the increasing 
proportion of meta-derivative formed in the nitration of the series toluene, benzyl 
chloride, benzal chloride, benzotrichloride; PhCHi, 4.4%; PhCHiCl, 16%; 
PhCHClj, 33.8%; PhCCU, 64.5%. Holleman; Rec. trav. chim. 88, 1 (1914). 
Baker and Ingold: J. Chem. Soc. 1926 , 2466. Ingold and Rothstein: ibid. 1928 , 
1278. 
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Considering now the special case of ketonic acids, and taking 
pyruvic, acetoacetic and levulic acids as typical examples of the 
Or, /S-, and Y-types, the effect of the partial appropriation of elec- 
trons by the carbonyl oxygen may be represented as follows (oxy- 
gen in the carboxyl group does not have this effect, see following 


section); 



pyruvic 

acetoacetic 

levulic. 

n 

n a 

1 n n 

COOH— 0=0 

COOH — Ca — C/s=0 

CXX)H--C«-KJ/rH3y=0- 

1 

1 

-f- 

1 1 1—) 
-Cy- 


In acetoacetic and levulic acids, therefore, the effect is shared by 
an a- and a 'y-hydrogen atom and by a and a 5-hydrogen atom 
respectively. Superimposed on this, however, is the inductive 
effect of the carboxyl group,* and as early as 1904 the different 
enolizing tendencies of acetone and ethyl acetoacetate were as- 
cribed by Lowry to the presence of the carbethoxyl group in the 
latter. This effect of the carboxyl group causes pyruvic acid to 
enolize more rapidly than acetone; moreover, it tends powerfully 
towards the ionization of the a-hydrogen of acetoacetic acid, 
and the /3-hydrogen of levulic acid. This is in harmony with 
the facts that (o) in ethyl acetoacetate only the one enolide 
CH8-C(0H):CH-C00H is known, and (6) the /3-hydrogen atom 
of levulic acid enolizes more readily than the 5-hydrogen atom. 
The tendency to enolization is undoubtedly stronger in aceto- 
acetic than in levulic acid (ethyl acetoacetate normally contains 
7 per cent of enol), and this may be attributed to a screening of 
the effect of the carboxyl group in the latter by the a-carbon 
atom.* 

There is, therefore, a large amoimt of experimental evidence 
for the assertion that, in general, compounds containing a car- 

* Attraction of electronSi as indicated, for example, by the fact that nitration 
of benzoic acid yields 80.2 per cent of the meta-derivative. Holleman: Rec. trav. 
chim. 18, 267 (1899). Ingold: Annual Report 1986, 138. 

* Compare the decrease in percentage of meta-derivative in the nitration of the 
series nitrobenzene, phenylnitromethane, |9-phenyl-nitroethane: PhNOt, 93%; 
PhCHiNOi, 48%; PhCH,CH 13%. Ingold: Annual Report 1986, 132. 
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bonyl group (excluding the carboxyl group), with at least one hy- 
drogen. atom situated in the o-position with respect to that group, 
react with halogens in their enolic forms. Moreover, the phe- 
nomena observed are such as would be anticipated, on theoretical 
grounds, from the electronic theory of valency. 

n. CARBOXYLIC Acms 

The case of the carboxyl group calls for special discussion, 
and is best illustrated by reference to acetic acid and its homo- 
logues. At the ordinary temperature these acids are not attacked 
by chlorine or bromine at an appreciable rate, but at a more 
elevated temperature (e.g., 100°) replacement of one a-hydrogen 
occurs, 

R CHfCOOH + X. - R CHX COOH + HX 

The replacement of a second a-hydrogen atom is a matter of very 
considerable difficulty, and if there is no a-hydrogen atom, sub- 
stitution does not take place, as is exemplified by the fact that 
trimethylacetic acid gives no brominated acid when treated with 
bromine at 100-135° (82). 

The facts that substitution always takes place at the a-position, 
and that the reaction is accelerated by halogen acids (first ob- 
served by Hell and Miihlhauser (36)) appear to indicate an 
analogy with the bromination of acetone, and Lapworth (53) in 
1904 suggested tentatively that the acid might perhaps react in 
its enolic form, according to the scheme 

(slow) Brt (rapid) 

R CH, COOH > R CH;C(OH), ► R CHBr OOOH + HBr. 

The catalytic influence of halogen acids would then consist in an 
acceleration of the enolization. Aschan (1) adopted Lapworth's 
suggestion to explain the production of brominated acid bromide, 
as well as brominated acid chloride, when bromine reacts with 
an acid chloride, which he represented 

OH Br 

/ / RCHBrCOOI + HBr 

RCHfCOCl -» RCH:C RCHBr-O— OH(f 

\ \ ^RCHBrCOBr + HOl, 

Cl Cl 
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but Meyer pointed out (64) that such an interpretation is un- 
necessary, since the observation is explained equally well by pos- 
tulating bromination of the ketonic form, followed by a reaction 
of hydrogen bromide with the brominated acid chloride, 

R CHBr COCl + HBr ^ R CHBr COBr + HCl, 


a type of reaction which is known to occur under suitable con- 
ditions (87) (66). 

It is curious that the supporters of the “enolic form theory” 
apparently overlooked the results of Hell and Urech (37), who 
observed that the rate of bromination of acetic acid and its 
homologues is dependent upon the concentration of bromine; 
this could not be the case if slow enolization were followed by a 
practically instantaneous reaction of the enolide with halogen. 
The theory, moreover, demands the existence of the carboxylic 
acid in a form which is neither observed nor indicated elsewhere. 
It may also be urged that, since the reactions of the carbonyl 
group of a carboxylic acid differ in many respects from those of 
the same group in a ketone, it is unsafe to force an analogy be- 
tween the two types of compounds, and the distinction is borne 
out by the fact that many physical properties of carboxylic acids 
(e.g., refractive index, Bruhl (10); diamagnetism, Pascal (75); 
rotatory dispersion, Pickard and Kenyon (78) ; optical absorption, 
Hantzsch (35); parachor, Sugden (88)) do not give the values 
which would be anticipated if a carbonyl group of the usual type 
were present. In the light of these facts, a number of investiga- 

0 

/ 

tors have supposed that the ordinarily accepted formula R. C 

\ 

OH 


is not a correct representation, and alternative formulas such as 

O O] 

R.C (Smedley (86)) and R. C H (Hantzsch (35)) have 


\ 

OH 



been suggested. On modem views, the failure of the carboxyl 
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group to exhibit the typical carbonyl reactions is ascribed to the 

n n 

competition HO — C = 0 (81) (46) ; the effect of the partial appro- 

I 

priation of electrons by the carbonyl oxygen is thus neutralized, 
and the tendency of the a-hydrogen atom to ionize is removed. 
It is not to be expected, therefore, that the halogenation of acetic 
acid and its homologues will be preceded by a change of the acid 
to its enolic form, and this has been demonstrated by an investi- 
gation of the kinetics of these reactions at 100® (93) (95) (97) (96). 

The investigation has provided definite confirmation of the 
facts (first stated by Hell and Urech (37)) that the speed of bromi- 
nation of these acids is (a) dependent upon the concentration of 
bromine, and (6) increased by the presence of halogen acids. 


TABIE 1 

Bromination of acetic acid at lOO^C, 


Catalyst added 

nil 

HBr « 0.053M 

HCl - 0.064M 

AcBr =» 0.047M 

Initial titre 

9.48 

9.58 

10.02 

9.55 

Fall in 30 minutes . . 

0.20 

1.05 

0.52 

8.00 


Thus, when no catalyst is present initally, the course of the reac- 
tion indicates autocatalysis by the hydrogen bromide produced, 
for the rate of disappearance of bromine gradually rises to a 
maximum and finally decreases; variation in the initial concentra- 
tion of bromine has a marked effect, while the presence of a moder- 
ate initial concentration of hydrogen bromide induces a much 
faster reaction, the period of increasing speed disappearing. The 
effect of hydrogen chloride resembles that of hydrogen bromide, 
but is somewhat less powerful. The influence of halogen acids, 
however, is specific, and not common to acids in general, for sul- 
furic and trichloroacetic acids do not have a similar effect; the 
acceleration produced by halogen acids is not likely, therefore, 
to consist merely in a speeding up of the enolization of the car- 
boxylic acid, and this fact, togetW with the dependence of the 
velocity upon the concentration of bromine, provides evidence 
against the validity of the simple “enolic form theory.” 

The outstanding feature of the reaction, as revealed in this 
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investigation, is the enormous acceleration produced by a small 
quantity of an acid bromide, different acid bromides having 
identical effects. The magnitude of this acceleration is obvious 
from table 1. Further, in presence of acetyl bromide (or other 
acid bromide), the velocity is proportional to the concentration of 
both acid bromide and bromine. The autocatalytic effect of the 
hydrogen bromide formed during the reaction will clearly be in- 
appreciable in the presence of the more powerful accelerator. 

A similar rapid reaction results from the introduction of an 
acid anhydride (compare Hentschel (38); Shaw (85)) or acid 
chloride, but there is now an initial period of relatively low but 
increasing speed; this period is easily interpreted as the time 
needed for the conversion of anhydride or acid chloride into acid 
bromide, 

(R CHrC0),0 + Br, - R-CHBr COOH + R CH,.CX)Br 
(R CH, CO)jO + HBr ^ R CH, COOH + B CH, COBr 
R CHi-€OCl + HBr ^ R CH, COBr + HCl, 

and such an explanation is confirmed by two observations: (a) 
the initial period disappears if excess of hydrogen bromide is in- 
troduced with the anhydride; the latter is doubtless, under these 
conditions, converted very rapidly to acid bromide (this reaction 
proceeds readily even at room temperature), and the bromide is 
thus present from the commencement at its maximum concen- 
tration; (6) excess of hydrogen chloride introduced in conjunction 
with the anhydride has a retarding influence; the anhydride now 
forms acid chloride, 

(R CH, C0),0 + HCI R CHrCOOH + R CH, COOl 

(Gal (30)), and an3rthing approaching complete conversion to acid 
bromide during the reaction is prevented by the excess of hydro- 
gen chloride. 

Investigation of the chlorination of acetic acid has yielded a 
similar series of observations (the acid chloride here being the 
powerful accelerator), except that (a) the reaction is somewhat 
slower than bromination, and (b) in presence of an acid chloride 
the velocity decreases less rapidly than the concentration of 
chlorine. These peculiarities are discussed later (p. 185). 
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An interpretation of the facts outlined above may be fo\md in 
the following considerations. It has long been known that halo- 
gens react with the halides of carboxylic acids more rapidly than 
with the acids themselves, and the Hell-Volhard method of bromi- 
nation is based upon this fact. The peculiarly powerful effect of 
acyl halides as accelerators of the halogenation of carboxylic 
acids may be interpreted, accordingly, by supposing that the 
halide first reacts with halogen, 

RCH.COX + X, = RCHXCOX + HX, (1) 

the halogenated acid then being formed as the result of a reac- 
tion between the imsubstituted acid and the halogenated halide, 

R CHX COX + R CHi COOH Vi R CH. COX + R CHX COOH. (2) 

The a(^l halide is thus free to go through the same series of 
changes again. If the halide of a different carboxylic acid be 
present initially, reactions (1) and (2) will be preceded by 

R' COX + R CH. COOH V± R CH. COX -I- R' COOH, (2«) 

which is exactly similar in character to reaction (2). 

It has been suggested by Hentschel (38), Shaw (85) and Briick- 
ner (8) that the halogenation of carboxylic acids proceeds through 
the anhydride (which also reacts with halogens far more readily 
than does the acid itself), by the following pair of alternating 
reactions. 


(R CH, CO),0 + X. - R CH. COX + R CHX COOH 
R CH. COX + R CH. COOH vi (R CH. C0).0 + HX. 

It has been pointed out above, however, that in both chlorination 
and bromiixation the introduction of a small amoimt of the acid 
anhydride leads to a rapid reaction aft&r an initial period of rela- 
tively low speed, while there is no such period when the appro^ 
priate acid halide is introduced; this observation indicates clearly 
that the halogenation proceeds through the halide, the initial 
period beiug easily accounted for as described above. 

It will be seen from the following discussion of other relevant 
facts that the author’s scheme is supported by a considerable 
amotmt of e3q)erimental evidence. 
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Reaction ( 1 ) (p. 184). The results of Urech (90) indicate that 
the bromination of acetyl bromide proceeds at a rate which is 
proportional to the concentrations of bromine and of acid bro- 
mide, and the author has confirmed this observation by an in- 
vestigation of the reaction at 25° (95), using an apparatus specially 
designed to avoid contact of the acid bromide with atmospheric 
moisture. If now, in the scheme outlined above, reaction (2) 
proceeds at very great speed, and practically to completion in 
presence of the excess of the carboxylic acid (as is indicated in the 
case of the analogous reaction (2a) by the identical effects of 
different acid bromides), the concentration of acyl halide will 
remain constant during any g^ven reaction, and the velocity will 
vary, therefore, only as the concentration of bromine, but will be 
proportional to the initial concentration of the acyl bromide. 
This is in complete agreement with the observed facts for the 
bromination of carboxylic acids, and it is clear, therefore, tha-t 
the halogen does not react with the enoUc form of the acid to a 
measurable degree, a conclusion which is confirmed by the ob- 
servation that such powerful accelerators of enolization as sul- 
furic acid and ferric chloride do not affect the halogenation 
appreciably. 

In the case of chlorination (97), complications arise from the fact 
that side reactions take place dxmng the chlorination of acetyl 
chloride. The velocity of chlorination of the pure chloride, in 
fact, actually increases as the reaction proceeds, owing to these 
side reactions (which however are imperceptible in presence of a 
powerful catalyst such as iodine, when the velocity is proportional 
to the concentration of chlorine), and it is thus easy to explain 
the absence, in the chlorination of acetic acid, of a simple relation 
between the fall in concentration of chlorine and the velocity. 

It appears at first sight remarkable that chlorination is slower 
than bromination. This is due, however, to the fact that halo- 
gens react with acid chlorides far less rapidly than with acid 
bromides; for example, the reactions (a) acetyl bromide + bro- 
mine, (6) acetyl chloride + bromine, (c) acetyl chloride + 
chlorine, stand in decreasing order of speed. In view of this fact, 
the chlorination of acetic acid, which involves the reaction of 
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chlorine with acetyl chloride, must be less rapid than its bromina- 
tion, which depends upon the reaction of bromine with acetyl 
bromide. Moreover, in presence of an acid chloride, the bromina- 
tion of acetic acid doubtless proceeds through the series of 
reactions: 

CHi-COCl + Br, - CHjBr COCl + HBr 

CHiBr COCl + CH. COOH;:^: CHiBr COOH + CH. COCl. 

The reaction is not rapid, however, owing to the relatively slow 
rate of bromination of acetyl chloride. Hence, the reaction of 
bromine with a carboxylic acid in presence of an acid chloride 
does not reach its maximum speed until sufficient hydrogen bro- 
mide has been formed to bring about conversion of acid chloride 
to acid bromide; the above reactions are then replaced by those 
in which the acid bromide takes part. 

Finally, the relative rates of halogenation of the compounds 
considered above are such as would be predicted on theoretical 
grounds. It has already been pointed out (p. 182) that the failure 
of acetic acid to enoUze is ascribed, on modem theory, to the com- 

n n 

petition HO — C=0. There is no such competition in acetone, 

n I 

Me — C=0, and the latter reacts with halogens in its enolic 

I 

form, slow enolization being followed by a relatively instantane- 
ous reaction of the enolide with halogen. Similarly, enolization 
of the acyl halides should also be possible, and enolization will 
here be facilitated by the inductive effect of the halogen atoms.* 

* The relative inductive effects of methyl and halogen are exemplified by a com- 
parison of the strengths of o-bromobenzoic (K = 1.215 X 10“*) and monobromo- 
acetic (K = 1.5 X 10”*) acids with those of o-toluic (K * 1.2 X 10“*) and propionic 
(K « 1.34 X 10”*) acids; also in the increasing proportion of meta-derivative 
formed (see Baker and Ingold: J. Chem. Soc. 1926, 2466) in the nitration of the 
series. 

CH. CHi Br 

/ / / 

Ph-C-NO, (29%), Ph-O-NO, (40%), Ph^C— NO, (84%). 

\ \ \ 

CH, Br Br 
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It is to be anticipated, therefore, that acetyl chloride and bromide 
will enolize at a much greater rate than does acetone. After 
enolization, the enolide will become activated as follows, 

n n 

— C=C— OH; 

I I ® 

® X 

and this activation will now be opposed by the effect of the halo- 
gen. It may be predicted, therefore, that in the acyl halides 
rapid enolization will be followed by a relatively slow reaction of 
the enolide with halogen*; if this be the case, the velocity of halo- 
genation will be proportional to the concentration of the halogen, 
as is found by experiment. The fact that substitution in ali- 
phatic acids invariably occurs at the a-position finds a simple 
explanation in this suggestion. The relatively slow rate of halo- 
genation of acetyl chloride (as compared with the acid bromide, 
see p. 185) is probably to be attributed to the greater inductive 
effect of chlorine than of bromine (4) (43). 

Reactions (S) and {2a) (p. 184). The reaction of a carboxylic 
acid with the halide of another acid was observed by Polzenius 
(80), who isolated benzoic acid and acetyl chloride by distilling 
acetic acid with benzoyl chloride, and a similar reaction was 
suggested by Orton (70) as providing a possible explanation of 
the formation of acid amides, sometimes in 75 per cent yield, by 
the reaction of benzoyl chloride with carboxylic acids in presence 
of ammonia. 

An investigation of the products of the reaction of acetic acid 
with its halogenated halides has indicated that these reactions 


^ An analogy is found in the suggestion (West: J. Chem. Soc. 125, 1277 (1924)) 
that, in the bromination of monobromomalonic acid, rapid enolization is followed 
by a slow reaction with halogen, 

rapid Bt% (slow) 

HOOC-CHBrCOOH ► EOOCCBT:C{OH)t >HOOC-CBr,COOH + HBr. 

In order to account for the fact that the enolic forms of these compounds have 
never been observed, it is necessary to suppose that the change of enol to keto is 
extremely rapid. 
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occur in two stages, a mixed anhydride being formed as inter- 
mediate product, thus; 

CHjX COX + CH, COOH ^ CHJC CO O CO CH, + HX 
CHjXCOOCOCH, + HX?± CHiXCOOH + CH.COX. 

Thus, on distillation of acetic acid with chloroacetyl chloride, the 
first product is acetyl chloride, and if the remainder be frac- 
tionated imder reduced pressure, acetic chloroacetic anhydride 
may be obtained. The mixed anhydrides undergo various changes 
according to the experimental conditions; they react with halogen 
acids (as above equation) with great readiness even at room tem- 
perature, and in the halogenation of acetic acid at 100° (when 
halogen acid is formed continuously) this change will doubtless be 
practically instantaneous. 

The halogenation of carboxylic acids in presence of a trace of 
acyl halide'has thus been shown to proceed through the series of 
reactions: 

RCH,COX + Xi = RCHXCOX + HX 

RCHXCOX + RCHjCOOH ^ RCHXCOOCOCH,R + HX 

R CHX CO O CO CHj R + HX;=s R CHX COOH + R CH. COX. 

This scheme appears to be in harmony with all the experimental 
results. 

Catalytic effect of phasphorus. The original Hell-Volhard re- 
action obviously consisted in the bromination of the acid bromide. 
The acid was treated with sufficient phosphorus and bromine 
for complete conversion to bromide and bromination of the latter, 
and the product was treated with water in order to obtain the 
halogenated acid. It was foimd, however, that a vast increase in 
speed of bromination was produced by a very small quantity of 
phosphorus, and the effect of the catalyst was here difficult to 
explain. Lapworth (53) suggested that it might be attributed 
to the production of hydrogen bromide which accelerated the 
enolization of the acid, but this idea has been shown to be imten- 
able. Moreover, Ward’s results (91) showed clearly that the 
catalytic effect of phosphorus is far more powerful than that of 
halogen acids; it is, in fact, of the same order of nmgnitude as 
that of acid bromides observed by the author. In bromination 
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in presence of phosphorus a small amount, at least, of the acid 
bromide is always formed, and may be detected in the product; 
it is qmte obvious, therefore, that the acceleration is due to this 
small quantity of acid bromide, the reaction proceeding accord- 
ing to the scheme outlined above. The similar effect of phos- 
phorus or phosphorus pentachloride on the chlorination of car- 
bo:i^lic acids (see Bruckner (7)) may be interpreted in the same 
maimer. 

CatdLyiic effect of halogen acids. It may be further suggested 
that the effect of Imogen acids is due to traces of the acyl halide 
present in equilibrium with the acid, 

R COOH + HX ^ R COX + Hrf). 

The very different effects of halogen acids and acyl halides indi- 
cate that the quantity of acyl halide necessary to produce the 
observed velocity would be too small for detection, and the 
existence of such an equilibrium has never been demonstrated. 
It is not impossible, however, in view of the reversible nature of 
the hydrolysis of many inorganic chlorides, while it is suggested 
by reactions of the type: 

R CN + R'COOH + 2HC1 - R CO NH. HCl + R' COCl 

(Colson (13)). Such an interpretation is supported by the fol- 
lowing facts: 

(а) the influence of halogen acids is specific, and not conunon to 
acids in general; 

(б) Lapworth observed that a small quantity of water (which 
would displace the above equilibrium towards the left-hand side, 
thus reducing the concentration of acyl hafide) reduces very 
considerably the speed of bromination, and this result has been 
confirmed by the author; 

(c) when varying amounts of the acid bromide are added to 
acetic acid containing a small amount (e.g., 0.1 per cent) of water, 
there is a continuous increase in velocity as the amount of acid 
bromide becomes greater, and not a sudden increase at the point 
where the bromide is just in excess of the water; addition of an- 
hydride, on the other hand, causes a sudden increase at this point. 
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In the former case, therefore, a gradual increase in the amount 
rather than a sudden change in the nature of the catalyst is 
indicated. 

The above suggestion brings into harmony all previous obser- 
vations of the catalyzed halogenation of carboxylic acids, by 
postulating in every case a similar mechanism, viz., the series of 
reactions involving the halogenation of the acyl halide. 

Dicarboxylic acids. The results outlined above indicate clearly 
that acetic acid and its homologues show little or no tendency to 
enolization. It is obviously necessary to explain the fact that 
malonic acid is known to react with bromine in its enolic form 
(64) (99). As in the case of acetic acid, there is here the compe- 

90 

tition COOH — CH* — C , which, as already pointed out, 

boH 

neutralizes the effect of the partial appropriation of electrons by 
the carbonyl oxygen, and removes (in the case of acetic and 
homologous acids) the tendency of the a-hydrogen atom to 
ionize. In malonic acid, however, there is also the powerful 
inductive effect of the second carboxyl group (compare p. 179), 
and it is doubtless this influence which causes enolization to take 
place readily even at temperatures as low as 0°. In the case of 
monobromomalonic acid, the combined effects of the carboxyl 
group and the bromine atom tend in this direction, and it appears 
(99) that here the rate of enolization is very rapid in comparison 
with the speed of reaction of the enolide with bromine. 

Succinic acid is known to react with bromine in aqueous solu- 
tion at temperatures above 100®; the conditions are obviously un- 
favorable to the production of the acyl halide, and it may be 
suggested that here also the acid reacts in its enolic form. If 
this be the case, enolization occurs less readily than in the case of 
malonic acid, since a much higher temperature is needed for 
bromination, and this may be ascribed to the screening effect 
of the second carbon atom (compare p. 179). Succinic acid is 
brominated far more rapidly by the Hell-Volhard method, how- 
ever, and it may be inferred that, as in the case of the monocar- 
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boxylic acids, the acid bromide enolizes with greater ease than 
the acid itself. 

If these suggestions be correct, further increase in the length of 
the chain between the carboxyl groups should result in a progres- 
sive decrease in the speed of bromination, and it is significant 
that there is no reference in the literature to the bromination of 
glutaric and the higher acids in aqueous solution, although 
these acids may be brominated by the Hell-Volhard method. 
The bromination of dicarboxylic acids is now being further 
investigated. 

m. Acm ANHYnamBS 

The results of certain experiments carried out in this laboratory 
during the period 1911-14 (71) (33) (73) led to the conclusion 
that pure acetic anhydride is unattacked by halogens at the 
ordinary temperature when light is completely excluded, but that 
the presence of very small quantities of various foreign substances 
induces a fairly rapid reaction. The observations were not in 
harmony with the work of earlier investigators (Gal (30) ; Urech 
(90); Lapworth (53)), who state that the anhydride reacts, in 
absence of a catalyst, to give acyl halide and monohalogenated 
acid, 

(CH. COrf) + X. - CHfCOX + CH,X COOH. 

It was significant that all the experiments in which the anhy- 
dride was found to be stable to halogens were carried out with 
the same batch of Kahlbaum’s acetic anhydride “free from homo- 
logues,” purified by fractional distillation, and in order to test 
the truth of the conclusion reached, an examination was made of 
the stability to bromine of specimens of acetic anhydride of varied 
origin and purified by different methods (74). In every case re- 
action occurred, and it appears probable that the material em- 
ployed by the pre-war workers contained a trace of some inhibitor 
which was not removed by fractionation. A search for possible 
inhibitors has revealed the fact that the introduction of quinoline 
in minute quantity prevents the reaction from proceeding to a 
perceptible extent during a long interval of time (in an experiment 
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using Brj = 0.25M and C»H 7 N == 0.006M the latent period was 
of ninety-three hours’ duration), after which a fall in bromine 
concentration commences. Moreover, acetic anhydride contain- 
ing a trace of quinoline is still stable to bromine after fractiona- 
tion. Sodium acetate exerts an influence which is sunilar to, 
but not as powerful as that of quinoline, whilst (in descending 
order) pyridine, dimethylaniline, triethylamine, isoquinoline, am- 
monium acetate, methylamine and ethylamine are less effective. 
Addition of a trace of nitric acid or of acetyl nitrate is accom- 
panied by an extremely powerful inhibition; the effect of the 
former is probably due to acetyl nitrate formed (79) by reaction 
of the acid with acetic anhydride, for the bromination of pro- 
pionic anhydride (which is similar to that of acetic anhydride, 
but considerably slower) is inhibited by acetic anhydride and 
nitric acid in conjunction but not by nitric acid alone. It is 
remarkable, however, that these substances which inhibit the 
bromination of acetic anhydride have no similar effect on the 
chlorination of the same substance. This peculiarity is discussed 
later. 

Th£ mechanism of the reaction. The idea that the reaction of 
chlorine or bromine with acetic anhydride (to give acyl halide 
and monohalogenated acid) might occur in more than one stage 
is due originally to Lapworth (53), who discovered that the 
introduction of mineral acid led to an increase in speed, and sug- 
gested (by analogy with the bromination of acetone) that halo- 
genation naight be preceded by enolization of the anhydride. The 
results of Orton and Jones (71) appeared to indicate that the 
speed of halogenation in presence of a catalyst was independent 
of the concentration of halogen, and thus to confirm Lapworth’s 
suggestion. Fuller investigation (74) (97) of the reaction of 
chlorine and of bromine with acetic anhydride at 25°, however, 
has shown that the velocity is very greatly influenced by changes 
in the concentration of halogen, and, moreover, is increased by 
the presence of an acyl halide. The effect of halogen acids is 
identical with that of acyl halides, owing to the conversion (all 
but complete) 

(CH, C0),0 + CHrCOX + CH. COOH. 

Chlorination is a much slower process than bromination. 
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These observations recall the halogenation of carboxylic acids 
(preceding section), and suggest a series of changes of the follow- 
ing type; 

CH, COX + X, - CH^ COX + HX (1) 

(CH,.C0),0 + CH,X COX CH,X CO O CO CH, + CH. COX (2) 
(CH, C0),0 + HX CH. COX + CH. COOH (6) 

CHrCOOH + CHjX CO O CO CH, CH,X COOH + (CH, C0),0 (6) 

preceded, if the halide of another acid is added initially, by 

(CH, C0),0 + R OOX ±5 CHi CO O CO R + CH, COX, 

or 

(CH, CO)rf) + 2 R COX !r;-(R.C0),0 + 2 CH, COX. 

Heactions similar to (6) have been observed by Kaufmann and 
Luterbacher (49), and the reactions of acetic anhydride with 
certain acyl halides have been carried out by the author, who 
finds, for example, that when the anhydride is distilled with 
chloroacetyl chloride, the products are acetyl chloride and either 
acetic chloroacetic anhydride or chloroacetic anhydride, depend- 
ing upon the relative proportions of the reagents. 

In the above series of reactions, the rate of disappearance of 
halogen will be 

dxjdl = fc (o — *) [acyl halide] 

where a is the initial concentration of halogen. If the acyl halide 
be present in excess, the reaction will be of the first order; the 
calculated values of 

fci - l/Mog,o/o - *, 

however, are not constant. If the halogen also reacts with the 
enolic form of the anhydride (this form being produced slowly 
and reacting with halogens rapidly), the rate of disappearance of 
chlorine or bromine will be 

dx/dt •= Ha—x) [acyl halide] + fc'[anhydride], 

where x is the total amount of the halogen which reacts in time 
t. In the case where both acyl halide and anhydride are in excess, 
this reduces to 

dx/dt m C(a-x) + C' - C(a-x+P), where C’ - CP, 
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which on integration becomes 

C - l/t-log.(o+P)/(o+P-x). 

Constant values of C are obtained by the use of this expression, 
and the calculated values of k' are the same for both chlorination 
and bromination. The side reactions which have been observed 
to take place during the chlorination of acetyl chloride (p. 186) 
are here not perceptible, owing to the relatively great speed of 
reaction of cUorine with the acid chloride in acetic anhydride 
medium (see p. 195). 

The results indicate, therefore, that the halogenation of acetic 
anhydride proceeds by two routes, A and B, as follows; 

(A) CHi OOX + X. - CH^ COX + HX (1) 

(CH, 00)10 + CHiX COX^ CH,X CO O CO CH, + CH. COX (2) 

(B) (CH,.CO)iO^CH,:C(OH)OCOCH, (3) 

CH,:C(OH) O CO CH, + X, - CH,X CO O CO CH, + HX (4) 

the ultimate products then being formed by the further reactions 

(CH, C0),0 + HX ;=i CH. COX + CH. COOH (6) 

CH. COOH + CHiX CO O CO CH, ^ CH,X COOH + (CH, C0),0 (6) 

Route A is the more rapid. The difference in speed between 
chlorination and bromination is due entirely to the difference in 
the velocities of halogenation of the acyl halides (compare p. 
185). 

The fact that acetic anhydride enolizes more readily than acetic 
acid may be attributed to the sharing of the influence of the singly 
linked oxygen by the two carbonyl groups, 

n nn n 

o=c— o — c=o, 

I I 

an effect which is described by Robinson (83) (55) as a "side 
tracking by a neighboring system of high capacity,” and the result 
is a less complete neutralization of the effect of the carbonyl oxy- 
gen. The halogenation of the anhydride, unlike that of acetic 
acid, is accelerated powerfully by small quantities of sulfuric acid 
or ferric chloride; the effect of these substances consists in a speed- 
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ing up of the enolization of the anhydride, for they have no effect 
on the halogenation of the acyl halide. 

It has thus been demonstrated that the reactions of the halo- 
gens with carboxylic acids and with acid anhydrides involve simi- 
lar series of changes, viz., the halogenation of the acyl halide, 
followed by an interaction of the substituted halide with the acid 
or anhydride. In the case of the anhydrides, however, the 
reaction proceeds readily at 25®, while a much higher tempera- 
ture (e.g., 100°) is required for the halogenation of the acids. 
This difference appears to be due to the effect of the medium on 
the velocity of halogenation of the acyl halide, acetic anhydride 
being a much more favorable mediiun than acetic acid. Such 
an explanation is confirmed by the author’s observation that addi- 
tion of a small quantity of acetic anhydride to acetyl bromide 
results in a great increase in the speed of bromination, whereas 
the acid bromide reacts with bromine but slowly in acetic acid 
medium at 25°, and not perceptibly in media such as carbon 
tetrachloride. The halogenation of the anhydrides of carboxylic 
acids is thus, in general, analogous to that of the acids themselves, 
although there are various differences in detail. 

The inhibition of bromination. The peculiar effect of quinoline 
and other substances, which has been referred to above, may be 
interpreted on the basis of the mechanism which has now been 
established for the reactions of the halogens with acetic anhy- 
dride. In order to throw further light upon the action of quino- 
line, its effect on the bromination of acetone has been studied (94). 
When bromine is added to acetone in carbon tetrachloride me- 
dium at 25°, no measmable reaction occurs for a short time (which 
is of variable duration, see p. 176) ; the disappearance of bromine 
then becomes perceptible, and almost immediately attains great 
speed, owing to the very powerful catalytic effect of hydrogen 
bromide upon enolization in non-ionizing media. Addition of a 
trace of quinoline arrests the reaction during a long period (several 
days; the arrests are immensely greater than those referred to on 
p. 175), and it seems simplest to suggest that the arrest is due to 
the removal of hydrogen bromide as the hydrobromide (or hy- 
drobromide perbromide (34) (89)) of the base. The well-known 
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inhibition, by certain nitrogen-containing compounds, of gase- 
ous photochemical reactions, has been interpreted in terms of 
the energetics of the S 3 r 8 tem (11) (12), and of surface phenomena 
(69), and K. C. Bailey (2) has suggested that the inhibition of 
esterification by p 3 Tidine is due to the preoccupation of active 
points of the glass surface of the vessel by pyridine molecules, 
which remove the molecules of acid from postulated acid-alcohol 
complexes. The author’s view of the case under discussion ap- 
pears, however, to account for the observed facts, and it is im- 
material whether the reaction occurs at the surface of the vessel 
or in the body of the liquid. 

A similar interpretation may be applied to the case of acetic 
anhydride. The reaction of the base with the halogen acid pro- 
duced in the bromination of the enolized anhydride will prevent 
the formation of any appreciable quantity of acetyl bromide (or 
perhaps any acid bromide formed may be converted into an ad- 
ditive compoimd with quinoline (19)) ; the main series of reactions, 
which involves the bromination of the acid bromide, is thus elimi- 
nated, until sufficient hydrogen bronaide has been formed (in the 
slow change through the enolized anhydride) to react with the 
whole of the base. If, however, in presence of quinoline, the 
enolization of the anhydride took place at the rate indicated by 
the values of k' referred to on page 193, the small quantities of 
the inhibitor employed would be removed in a few minutes, 
whereas the arrests observed are of many hours’ duration. In 
the absence of an inhibitor, however, a small quantity of hydrogen 
bromide is always present in the equilibrium 

(CH, C0),0 + HBr CH.-COBr + CH,-COOH, 

and since acetic anhydride behaves in all respects as a “normal” 
liquid (compare D. C. Jones and Betts (48); D. C. Jones (47)), 
this halogen acid will be present in the covalent form; a very 
minute quantity will therefore produce a marked acceleration of 
the enolization (compare p. 177). Removal by quinoline of the 
greater part of this hydrogen bromide will render the enolization 
of the anhydride so slow as to be imperceptible, and the prolonged 
period of inertness is thus explained. The shorter duration of 
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this period in presence of pyridine, isoquinoline, triethylamine and 
duuethylaniline may be attributed to a larger amount of hydrogen 
bromide present in equilibrium with the base and its hydrobro- 
mide, B-HBr ?=± B + HBr. The relatively feeble effect of ali- 
phatic primary and secondary amines is to be e3q)ected, since 
they can be acetylated by the anhydride, as is also the complete 
inactivity (and even slight accelerating influence) of aniline and 
monomethylaniline, which are not only acetylated but also sub- 
stituted in the benzene nucleus, with production of hydrogen 
bromide. 

The negative catalytic effects of organic bases on the bromina- 
tion of acetic anhydride may be a$cribed, therefore, to the removal 
of hydrogen bromide (or perhaps sometimes of acetyl bromide) 
by combination with the base. The series of reactions involving 
the acid bromide is thus eliminated, and, in addition, the speed of 
enolization of the anhydride very considerably decreased. So- 
dium and ammonium acetates produce a simflar effect owing to 
the reaction 


CH. COOM + HBr - CH. COOH + MBr, 

which proceeds further in the case of the former, as is indicated 
by its superior inhibiting action. 

Even more renaarkable than the inhibition of the brommation 
of acetic anhydride by these basic substances is the fact that they 
have no similar effect upon chlormation; an explanation of this 
imexpected difference may be found, however, in the following 
considerations. Since in acetic anhydride medium the halogen 
acids are doubtless covalent compounds, their reaction with a 
base must consist in the giving up of a proton covalently linked 
to the halogen, and if such release of the proton is not possible 
no reaction with the base will occur, and halogenation will not be 
inhibited. It is well-known that in presence of an excess of bro- 
mine, hydrogen bromide exists almost entirely as the perbromide 
HBri; the powerful electron affinity of the two codrdinated bro- 
mine atoms (compare p. 178) will bring about a loosening of the 
proton, thus enabling its appropriation by the base to take place 
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readily. The reaction of quinoline with the acid is therefore 
represented 

— c — c 

N: + H:Br:(Br,)-» N:H+ + :Br;(BrJ-. 

— "C 

An analogy, consisting in the withdrawl of a proton covalently 
attached to oxygen, is found in the production of hydroxo-am- 
mines of cobalt and chromium by the action of pyridine or am- 
monia on the corresponding aquo-ammines (98) (77), as exem- 
plified in the reaction 

[Cr(NH,),(H,0)4] Cl, + 2 Cja,N - [Cr(NH,),(H,0),(0H),] Cl + 2C,H,N'HC1. 

In the case of hydrogen chloride, there is but little perhalide 
formation (compare the relative effects of hydrogen chloride and 
bromide on the chlorination and bromination respectively of 
acetanilide (72)); weakening of the covalent bond does not there- 
fore occur, and the base has no opportunity of combining with 
the proton. The hydrogen chloride is thus free to react with a 
molar quantity of anhydride 

(CH,C0),0 + HCl CHiCOCl + CH.COOH; 

the chlorination of the acid chloride then proceeds, and, more- 
over, the enolization of the anhydride is catalyzed not only by the 
small quantity of halogen acid present in the above equilibrium, 
but also by the base (the latter being, however, comparatively 
insignificant). Chlorination is therefore not inhibited, but to 
some extent accelerated. 

The effect of acetyl nitrate on the bromination of acetic an- 
hydride may also be ascribed to the removal of hydrogen bromide 
(or perhaps of acetyl bromide), in this case by oxidation, for there 
is considerable liberation of bromine when acetyl bronude is added 
to acetic anhydride containing nitric acid. As in the case of the 
basic substances, the main series of reactions will thus be elimi- 
nated, and the enolization of the anhydride rendered impercep- 
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tibly slow. As might be expected, however, from the relative 
indifference of hydrogen chloride to oxidizing agents, acetyl ni- 
trate does not inhibit chlorination. 

CONCLUSION 

The investigation, described in the preceding pages, of the 
reactions of chlorine and bromine with compounds containing the 
carbonyl group, has led to a confirmation of the idea, suggested 
originally by Lapworth, that these changes are preceded, in all 
cases, by the conversion of the carbonyl compound to its enolic 
isomeride. In the case of ketones and ketonic acids, slow enoliza- 
tion is followed by a relatively instantaneous reaction with the 
halogen. Acetic acid and its homologues, on the other hand, 
do not enolize to a perceptible extent. Their substitution prod- 
ucts result from the reaction of the acid with its monohaloge- 
nated halide, the latter being formed, however, by a process which 
appears to consist in rapid enolization of the unsubstituted chlo- 
ride or bromide, followed by a slow reaction of the enohde with 
halogen. Acid anhydrides react with halogens in their enolic 
forms, but here also the change proceeds mainly through the 
acyl halide. 

All the experimental results are such as would be anticipated 
from theoretical considerations involving the application of the 
electronic theory of valency, while the well-known fact that sub- 
stitution invariably occurs at the o-carbon atom receives a simple 
explanation. 

In conclusion, the author wishes to place on record his indebted- 
ness to the late Professor Kennedy Orton, M.A., Ph.D., F.R.S., 
whose helpful and inspiring advice and criticism have contrib- 
uted in no small degree to the success of the series of investiga- 
tions here described. 
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CHEMICAL ACTIVATION BY LIGHT AND BY 
IONIZING AGENTS 

INTRODUCTION TO SYMPOSIUM ON RADIATION* 

S. C. LIND 

School of Chemistry, University of Minnesota, Minneapolis 

In recent years much light has been shed on the subject of 
chemical kinetics from quite varied sources — ^partly classical and 
partly new. As a whole the subject does not reveal itself as a 
simple one. Much of the progress that has been made is of 
orientative character and most details yet remain to be worked 
out and fitted to general schemes. Nevertheless it is perhaps 
not too much to claim that we begin to get an outline of the 
underl3dng principles of chemical activation from the least to 
the most energetic types. The working out of a complete mecha- 
nism is a special problem for each reaction, and there seems to be 
no end to the variations that are encoimtered. 

As indicated in its title, the object of the present Symposium 
was to consider mainly the more vigorous t3rpes of activation, as 
they are represented in the phenomena of ionization, on the one 
hand, in the complete removal of an electron from one of the 
reactant molecules or, on the other hand, in photochemical 
excitation as represented in the orbital shift of an electron, some- 
times followed by dissociation. 

Although only part of the papers presented at the Symposium 
are contained in this issue of Chemical Reviews, reference will 
be made to some of the others, which have been published else- 
where. Also, for the sake of completeness, certain phases of the 
less vigorous types of reactions as r^resented in homogeneous 
thermal reactions will be discussed as an introduction to the 

* Thia Symposiiun on Radiation was held under the auspices of the Division of 
Physical and Inorganic Chemistry at the Minneapolis meeting of the American 
Chemical Society, September 10-11, 1930. 
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present status of chemical kinetics. Chain mechanism may be 
initiated by either type of activation, and hence is appropriately 
considered. The comparison of temperature coefficients of 
velocity in the various cases is also illuminating. 

The greatest difference between thermal reactions and photo- 
chemical or ionochemical ones is in the quantity of energy in- 
volved in the primary activation process. In thermal reactions 
the heats of activation are from 21,000 to 58,000 calories for 
second order reactions, while for first order reactions they extend 
over about the same range, 24,700 to 68,600 calories, or in both 
cases from 1 to 3 electron-volts; while in activation involving 
electron shift or removal, the energy is 5 to 15 electron-volts. 
In bimolecular thermal reaction this critical energy increment 
above the average energy content may be distributed presumably 
in any proportion between the two colliding molecules, princi- 
pally in the form of kinetic energy. The molecules which react 
directly in this way have been found to be of a rather simple 
character, that is, possessing a limited number of atoms and a 
correspondingly small number of degrees of freedom to withstand 
shock and to store energy in a latent form. 

Unimolecular reaction, on the other hand, is exhibited by more 
complex molecules with a large number of degrees of freedom in 
which activation energy is accumulated (or lost) by successive 
collisions and stored for the critical condition of dissociation or 
change. It is not quite so obvious why the heat of activation 
should be of the same order for this type of activation as for the 
bimolecular type (1). However, the difficulty of explaining the 
mode of activation in unimolecular reaction has been largely over- 
come by Lindemann’s suggestion of successive accumulation and 
storage, so that there is no direct relation between rate of storage 
and rate of reaction as long as most of the stored energy leaks away 
by the reverse process of deactivation. 

In any case we are no longer under the necessity of resorting to 
the radiation h 3 rpothesis to account for unimolecular reaction. 
In this connection it is interesting to have the most recent views 
of F. Perrin (p. 232), who points out that althou^ activation and 
fluorescence are in general opposing influences, yet, accordiug to 
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the principles of microscopic reversibility of equilibrium, where 
one exists the other must be possible; and since fluorescence in 
the infra-red region is rare or unknown, energy of activation by 
collision ought to be especially available. 

The conception of chain mechanism, originally proposed by 
Bodenstein in the case of the photochemical interaction of hydro- 
gen and chlorine has proved highly useful, and in more recent 
times is being extended to thermal reactions on the one hand and 
to ionic’ ones on the other. Semenoff has used thermally initiated 
chains and the breaking of chains to distinguish a type of explo- 
sion different from the ordinary dermal type, which is character- 
ized by its dependence on the size and shape of the vessel, thus 
giving a spatial reality to the chain conception. 

Chain mechanism has been successfully used to establish reac- 
tion mechanism involving intermediate processes. The two 
outstanding examples of chain mechanism in photochemical 
reactions are the syntheses of hydrogen chloride and of phosgene. 
In the former we still have two possible types of chain reaction to 
decide between, — the material chain of Nernst on the one hand, 
which assumes the production of Cl atoms which are used and 
regenerated in each cycle, and the energy chain of Bodenstein 
which assumes .that only the heat of reaction is passed on by 
collision from freshly formed “hot” molecules to activate the 
reactants. The selectivity which this latter mechanism requires 
in the presence of foreign or product molecules begins to appear 
possible through the resonance relations of wave mechanics. Such 
a selectivity of transfer also appears necessary in chain reactions 
in solution, to avoid the problem of deactivation by the solvent. 

In phosgene synthesis a still more complicated case is presented 
in which even the mechanism seems to change with temperature. 
Prof. Bodenstein has presented the latest views in his paper on this 
subject (p. 225). A universal mechanism for the phosgene reac- 
tion has not yet been worked out, but such progress has been 

* The discovery of the great excess of hydrogen chloride molecules formed over 
the number of tons under alpha radiation of Hi + Cli mixture slightly antedated 
Bodenstein’s photochemical work and was cited by him in support of his first 
“electron" chain mechanism. 
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made as to justify the hope of a definite solution in the near 
future. 

The syntheses of HCl and of COClt have also been investigated 
under alpha radiation and have disclosed a complete parallelism 
with the photochemical processes. The first investigation of the 
Hs + Cls reaction under alpha radiation by Bodenstein and Tay- 
lor disclosed a large excess of action over ionization (M/N * 
4,000) but nevertheless far below that in the photochemical reac- 
tion (M/hi» = 10‘ — 10*), to be understood on account of varia- 
tion in sensitivity. The work of Porter, Bardwell and Lind 
raised the M/N value to nearly four times the M/hv value as 
determined in a gas mixtiu^ of the same sensitivity, but the 
latest work of Lind and Livingston (2) reported in this Sympos- 

M 

ium shows that within experimental limits of error M/N = 

for all sensitivities. The method of work did not permit of 
investigating the reaction mechanism with respect to other than 
equivalent concentrations of Cl* and H*. The work of Alyea and 
Lind (3) on phosgene synthesis imder alpha radiation shows that 
the kinetics are identical with those found by Bodenstein and 
co-workers for its photochemical s 3 rnthesis, both with respect to 
the rate, which is proportional to the square root of the intensity 
of radiation, and with respect to the concentrations of both CO 
and Cl*. The chain length is also of the same order as imder the 
influence of light and also subject to the same degree of inhibi- 
tion by oxygen. 

The equality of M/N and M/hv extends also to the non-chain 
types of reaction, of which about a half dozen cases have now been 
quantitatively investigated by means of both agents of activa- 
tion. Each new reaction investigated or each increase in accur- 
acy for old ones establishes this equality more firmly and brings 
us face to face with the problem of a mechanism to provide a 
step that will lead to a common course from that point on. It is 
to be remembered how different the agents are, one an atomic 
particle of high velocity with a universal ionizing power toward 
all atoms and molecules in proportion to the two-thirds power of 
the concentration of their orbital electrons, while the photochemi- 
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cal agent is highly specific, dependent on its wave length, toward 
absorption by and action on different atoms and molecules. The 
primary activation step consists then of ionization, or the removal 
of an electron in one case, and of the orbital displacement in the 
other. It is not immediately apparent why the two types should 
lead to the same kind and amount of reaction, but it is clear that 
they may do so. 

In the ionic i-eaction it has proved useful to assume that the 
molecul.ar ions of one of the reactants collects by electro-dynamic 
induction other neutral molecules into a positive (or sometimes 
negative) cluster, which imdergoes chemical reaction upon final 
electrical neutralization (return of the electron). From the 
known rate of ion recombination, it may be calculated that a 
large number of collisions of neutral molecules with an ion would 
take place before its neutralization occurs. It has been suggested 
(4) that even in the case of the excited state, its duration and 
electrical moment would be sufficient to account for “photochemi- 
cal clustering”, which would then furnish a common basis for the 
iono- and photo-chemical types of reaction. The main objec- 
tion to the clustering h 3 rpothesis is that we have no definite 
knowledge of the actual existence of such ion clusters and cer- 
tainly none of the photochemical ones. But we do know that 
as many as twenty acetylene molecules condense per ion pair into 
a solid polymer, presumably of high molecular weight, and it 
appears easier to assume that this collecting action proceeds 
under an electrical attraction, rather than by some step process 
after that attraction has been removed. 

The alternate view (5) is that dissociation into atoms and free 
radicals, or possibly activation without such dissociation, takes 
place in the primary step in both cases, to be followed then 
by the ordinary thermal behavior of the primary products. 
The question is really very much like the time-honored one of 
intermediate addition products versus primary dissociation. We 
have perhaps in the newer cases additional points of attack that 
will enable a definite decision, but up to the present they have not 
been sufficiently developed and we have only indirect evidence, 
some of which favors the one view and some the other. For 
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example, the fact that both the kinetics and the quantum yields 
indicate the identity of the mechanisms for the photo- and iono- 
reactions in the s}rntheses both of hydrogen chloride and of 
phosgene certainly appears to support the view of Taylor and 
Jones. On the other hand, when one has a straight reaction of 
polymerization as in the cases of acetylene, cyanogen etc., where 
there is little evidence of primary splitting and where the final 
products represent a much higher degree of association than in 
the initial state, one is forced to choose between ion clustering 
and some' tjrpe of step reaction following ion recombination. One 
can assume that the heat of ion recombination becomes available 
for activation in some way, but must face the problem that this 
activation must be followed by a clustering process and without 
the aid of anj’ electrical attraction, or else by step-wise accretion 
to a criticsii size, with no characteristics of chain mechanism ex- 
hibited, such as inhibition, variable yield etc. In the polymeri- 
zation cases the choice appears to favor electrical clustering rather 
than the apparently more artificial step-mechanisms. 

It is by no means impossible that the primary mechanism may 
be dissociation in some cases and clustering in others. Modern 
kinetics show us that the same reaction product may be arrived 
at in different ways. 

Another common property of photo- and iono-chemical action 
is activation by means of sensitization through a non-reactant 
which receives the energy and imparts it to the reactant in a 
collision of the second kind. Owing to the selective nature of 
photochemical action, the sensitized reaction may represent the 
sole one occurring for a given wave length. But since no sub- 
stance is transparent to alpha rays, the sensitized reaction in that 
case will not be exclusive but will always be added to the direct 
activation of the reactant. The sensitized fraction may, how- 
ever, become very large where the concentration of reactant falls 
very low in comparison with that of the sensitizer. 

In the ionochemical gaseous reactions one has a new principle 
entering, — ^namely, transfer by collision of positive charge to the 
component gas with lowest ionization potential. It has been 
found that even when the transfer is to a foreign inert gas, poly- 
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merization about the foreign ion occurs to the same degree as 
about a reactant one. This appears good evidence in favor of 
clustering about the foreign ion. 

The advantage which alpha radiation has over other ionizing 
agents is that it can be produced by means of radon imder such 
conditions, even at ordinary and higher pressures, that the total 
ionization is readily calculated. Therefore comparison of ioniza- 
tion and chemical action becomes possible, as expressed in the 
M/N ratio. In other modes of ionization, such as electrical 
discharge in gases and by means of cathode rays, it is not usually 
possible to calculate the ionizatipn. The fact, however, that the 
nature of the products and of their proportions to each other — in a 
reaction yielding several products — are the same for the same gas 
both under alpha radiation and under electrical discharge, supports 
the view (6) that ionization is the primary step in both cases. 
Substantial progress has recently been made in calculating and 
measuring ionization also in electronically produced chemical 
action. Busse and Daniels (7) have passed a stream of cathode 
rays from a Coolidge tube through a thin window into oxygen 
where the ozone could be measured chemically; the ionization 
was calculated by receiving the cathode rays in a total absorption 
calorimeter to measure their total energy. By assuming the 
energy to have been primarily expended entirely in ionizing 
oxygen with an expenditure quantized by its known ionization- 
potential, a value of Mo,/N ions was obtained which by its agree- 
ment with the alpha ray value demonstrated the reliability of the 
method. 

In glow discharge at pressures of a few millimeters by suitable 
choice of electrode dimensions and separation, saturation is 
obtained so that the current flowing becomes a measure of the 
total ionization. Working under these conditions. Brewer (8) 
and his associates of the Fixed Nitrogen Laboratory have meas- 
ured several gaseous reactions such as the syntheses of ammonia, 
of water and of nitrogen dioxide from their elements, and have 
found the same degree of equivalence between ionization and 
chemical action as was to be e:q)ected from the alpha ray results 
in the same cases. They propose a very clever and apparently 
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satisfactory interpretation, — ^namely, that the chemical action 
is due to the positive ions, while the electrical current is carried 
almost wholly by the free electrons due to their greater mobility. 
In saturation current the two are equal to each other, and there- 
fore the amount of chemical action is equivalent to the current 
and independent of the gas pressure as long as the latter is kept 
within low limits where satmation is obtained. If the pressure 
is allowed to rise to values where recombination of ions in the gas 
phase exceeds discharge at the electrode, then chemical action 
associated with ion recombination will exceed the current equiva- 
lent. This is the usual case represented in all types of electrical 
discharge at atmospheric pressure, where the chemical action 
greatly exceeds the current equivalent. 

In the general comparison of chemical action in gases under 
electrical discharge and under alpha radiation, it might be logi- 
cally assumed that if action is due to ions and if the ions are of the 
same character in both cases the nature of the resulting chemical 
products should be the same. While this is true in general, as is 
shown by comparison of the results obtained for hydrocarbon 
gases by Lind and Bardwell for alpha radiation and by Lind and 
Glockler for electrical discharge, nevertheless unexplained ex- 
ceptions are met. For example, poljanerization of acetylene 
gives solid cuprene under alpha radiation, but according to Berthe- 
lot it gives a liquid product like benzene in silent discharge. To 
explain these differences it is to be remembered that even if the 
ions produced are of the same kind, their concentration, and 
hence their rate of recombination, is far greater in electrical dis- 
charge than can be produced with any attainable alpha radiation. 
Moreover, in electrical discharge there exists the possibility of 
the influence of the electrode either electrically or catalytically, 
especially if it be a metal. The concentration of ions may have 
a large influence since recombination is a second order reaction, 
so that if the concentration be a thousandfold greater in electri- 
cal discharge than in alpha radiation, the rate of recombination 
becomes a millionfold greater, hence the average life of an ion a 
millionfold less, which brings it into a region where there will be 
serious competition between premature ion neutralization — lead- 
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ing to lower molecular weight products — and complete cluster 
building. While, as explained, we can not calculate ionization 
in the higher ion concentrations, we may as a first approximation 
assmne it to be proportional to the chemical action and may 
reverse the calculation. The formation of benzene, a lower 
pol3aner than cuprene, could then be understood as a result of 
premature ion neutralization. If this principle could be estab- 
lished firmly in a number of cases it would be a strong support of 
ion clustering versus dissociation or thermal activation as a 
result of ion recombination. 

It is well known that many photochemical reactions exhibit 
very small temperature coelSicients. The same is true of the 
ionochemical reactions to an even greater degree, and for the 
same general reason that the energy of the primary step of activa- 
tion by excitation or by ionization so far exceeds the necessary 
energy for activation that additional thermal energy is not re- 
quired and will not influence the rate. This general statement 
of principle requires extension. In chain mechanism where the 
primary photochemical or ionochemical step is succeeded by 
thermal steps, it is evident that temperature may have an influ- 
ence, and correspondingly we find the chain syntheses of HCl and 
COCl* exhibiting fairly large temperature coefficients (though 
much lower than those of purely thermal reactions). An addi- 
tional proof of the identity of the chain mechanism of HCl syn- 
thesis by light and by alpha rays lies in the identity of the tem- 
perature coefficients for white light and for alpha rays. While 
this appears to contradict Tolman’s principle that light of the 
longer wave length should exhibit the greater temperature 
coefficient, in reality it does not do so. An experiment of Lind 
and Livingston with monochromatic green light showed a some- 
what higher coefficient than with white light and with alpha rays, 
but the proportion of green in the white source was so small that 
it cut but little figure in the over-all coeflScient. It does mean, 
however, that it is inappropriate to choose a chain reaction to 
test the validity of Tolman’s principle, because temperature can 
play a r 61 e in so many ways besides in the primary step with 
which one is solely concerned. 
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Regarding the temperature coefficient of radiochemical action 
in general; (1) temperature may, and sometimes does, affect 
directly the absorption of light of a given wave length by a given 
substance but not that of alpha rays; (S) temperature ma}'^ and 
does affect the quantum efficiency of the primary activation step 
for light especially on the long wave length side of the critical 
value according to Tolman; this is not probable for ionization 
except at quite high temperature; (S) temperature may affect any 
succeeding step following the primary one; in chain reactions of 
several steps, each may be affected and some of them in opposite 
directions; the same would hold equally for the same chains 
initiated by ionization or by other agents. The temperature 
coefficient is therefore seen in complex cases to be made up of 
the algebraic sum of the coefficients of all steps. The fact that 
the coefficient of water synthesis by alpha rays is zero over a wide 
temperature range appears therefore to be evidence against the 
yield of four molecxiles per ion pair being accounted for by ther- 
mal processes succeeding primary ionization. 

Further progress in photochemical and radiochemical effects 
on solids has been made (see p. 239). The primary effects do not 
appear to be of very different character from those observed for 
liquids and gases. But the opportunity for secondary effects 
and particularly for reverse reaction are profoundly modified by 
the rigidity of the solid system and its influence on diffusion of 
products and reactants. The result reported by Noyes {loc. 
cU.) that controlled electrons must have a voltage of 4.5 to 5.5 
in order to decompose oxalic acid and that through the relation 
e V - hp, the effective wave length of light may be calculated 
and is experimentally found to lie near the threshold value, illus- 
trates a ^ect application of quantum principles to radiochemi- 
cal problems. 

A very interesting region of photochemistry lies in the x-ray 
range, where but little quantitative work has been done. Here 
the energy quantum is so large that an electron is expelled with 
sufficient velocity to produce several thousand ion pairs in its 
small sphere of influence. We shoffid therefore no longer expect 
equivalence between M, the reacting molecules, and number of 
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quanta hi^ in the Einstein sense as for smaller frequencies, but 
rather equivalence of M and the number of ion pairs N in the 
same way as in alpha ray reactions. Recent work by Clark, 
by Stenstrom (9) and by Fricke and Morse (10) has shown the 
latter to be the case. 
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CHAIN REACTIONS 

MAX BODENSTEIN 

Phyaikaliach-ChemischeB Institute Berlin^ Germany 

The assumption of chain reactions was first used by me in 
1913 (1) to interpret the fact that in many photochemical proc- 
esses the niunber of reacting molecules is much larger than the 
number of absorbed quanta. I assmned that by the reaction of 
the primary light-affected molecule there is formed an imstable 
intermediate product, rich in energy, which on further reaction 
gives rise not only to the well-known final product, but also to 
another intermediate product which regenerates the same process 
again and again, thus producing a great number of molecules of 
the final product, starting from one quantum absorbed. 

The simplest example is the mechanism proposed later by 
Nemst for the formation of hydrogen chloride; 

Cl, + E‘ = 2 Cl 
Cl + H, - HCl + H 
H + Cl, -HCl + Cl.... 

That indeed the “Chlorknallgas" gives such a long series of 
reactions has been shown most clearly by Weigert and Kellermann 
(2). After an illumination of 10~* seconds they were able to 
observe a reaction during 2 X 10"* seconds. 

Such a chain may be produced in another way than by active 
intermediate products. The molecules of the final product must 
have an excess of energy immediately after their formation. By 
transferring this energy to the molecules of the starting material, 

^ E means one Einstein -> 6,06 X 10** quanta, in analogy to F -> one Faraday » 
6.06 X 10** electrons. See Bodenstein and Wagner: Z. physik. Chem. B3, 456 
(1029). 
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they may activate these also. Using the same example as before, 
the series would be : 

Cl, + E - Cl,** 

Cl,* + H, = 2 HCl* or HCl* + HCl 

HCl* + Cl, - Cl,* + HCl. . . . 

This would be an energy-chain instead of the former matter-chain. 
But the assumption of such an energy-chain involves a difficulty. 
That there are specific reactions between Cl and H, is evident, 
but here we must presume that the transfer of energy is specific 
too, and that the energy passes over from HCl* only to Cl,, and 
not to the molecules of the final product or to those of some 
foreign gas present. Otherwise these molecules would be in 
competition with those of CU and ought to check the reaction. 

Th^ specificity of energy-transfer seemed at first unlikely, but 
now there is a good deal of proof that it really exists. For 
instance, the flilorescence of mercury or sodium vapor excited 
by the absorption of their own light is extinguished by foreign 
gases which react quite specifically (3), and a quite similar 
phenomenon has been observed by Kistiakowski (4) in the photo- 
chemical decomposition of ozone. These facts demand that there 
is a resonance between sender and receiver, and furthermore, that 
the spheres of action in these processes are much greater than 
those known from the kmetic theory of gases (5). That would 
imply that the transferred energy is not a kinetic, but an internal 
energy, which corresponds exactly to the application of this 
energy to produce a chemical reaction. This transfer of energy 
has been treated in the last months from the standpoint of the 
wave mechanics by Kallman and London (6) and may now be 
well imderstood by means of this theory. 

The assumption of chain reactions has arisen from photo- 

* Cls* means an excited molecule. 1 proposed this interpretation in 1916 (Z. 
Elektrochem. 22, 53 (1916)) because my first interpretation, using a free electron 
as intermediate body, was proved to be impossible, and because the one proposed 
by Nemst was also thought to be impossible at that time because of an abnormally 
large heat of dissociation of the chlorine molecule, which rendered the reaction Clt 
+ E « 2 Cl impossible for quanta of visible light. Today we know that the heat 
of dissociation of the chlorine is much less, and that this reaction really occurs. 
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chemistry, but it msy be used for reactions in the dark too. Here 
the first example was in the formation of hydrogen bromide. 
Nearly twenty-five years ago Lind (7), while working with me in 
the laboratory of Ostwald, found that there was a very unusual 
law governing the velocity of this reaction. At that time we did 
not find an explanation for the observed formula. This explana- 
tion was obtained in 1919 by three independent authors, — 
Herzfeld (8), Polanyi (9) and Christiansen (10). The chain 
assumed was: 


1. Brt “ Br + Br 

2. Br 4" Hf •» HBf 4- H 

3. H 4- Bri - HBr 4- Br, but also 

4. H 4“ HBr =* Hi 4- Br, and finally 

6. Br 4“ Br = Bri 

This was without doubt the first discussion of chain reactions 
occurring without light. It may be mentioned that later we 
studied the influence of light upon this reaction too, and fovmd 
that the combination of observations made in the light and in the 
dark has given important information concerning reaction 5 , 
the first case in which it was possible to investigate the velocity 
of a reaction between atoms (11). 

In the meantime a large number of such chain reactions has 
been studied in the dark as well as in the li^t. The theory has 
also been generalized in two ways and has been applied to some 
special phenomena, giving very interesting results. 

The first generalization was made by Christiansen and Kramers 
(12) to explain how the heat of activation in many gas reactions 
could be gained quickly enough by the molecules for them to 
react. Here the authors have introduced the assumption that 
the energy is transferred from the products just formed to the 
reacting molecules by an energy-chain as described above, with 
the specificity of the energy-transfer which now has become well 
understood by means of the theory of wave mechanics. 

A second generalization was made by Christiansen (13) and 
verified in some experimental investigations by Blickstrom (14). 
These authors have advanced a theory of negative catalysis, 
using chain reactions for its explanation. 
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This theory arose also from photochemistry, especially from 
the reaction between hydrogen and chlorine. If we use the 
mechanism mentioned above as suggested by Nemst, or any other 
mechanism of that kind, it is not obvious why the reaction may 
come to an end, and why one quantum of absorbed light may not 
cause the formation of an infinite number of HCl molecules. 
Now we have known for a long time that oxygen checks the 
combination of hydrogen and chlorine in a remarkable manner — 
that it is a negative catalyst for this reaction. Discussing the 
law of the reaction velocity as governed by the concentrations of 
Hj, Cla and Og, one is led to the conclusion that there is a reaction 
between the hydrogen atom and the oxygen, which uses up the 
former and thus breaks off the chain (15). It is not quite clear 
what kind of reaction may occur here, but that this reaction 
terminates the chain has been shown quite clearly by Miss 
Cremer (16) in my institute by the fact that for one quantum 
absorbed one molecule of water is formed, independent of the 
length of the chain, i.e., independent of the number of HCl 
molecules formed. 

Thus the negative catalyst breaks off the chain in this photo- 
chemical reaction. That many cases of negative catalysis may 
be easily explained in the same way has been predicted by Chris- 
tiansen and has been proved in excellent investigations by 
Backstrom. 

Let us now speak briefly of some further applications of the idea 
of chain reactions. Very interesting ones have been given 
recently by Haber and Bonhoeffer (17), also by Hinshelwood (18), 
Pease (19), Egerton (20), Semenoff (21) and other chemists. 
The reactions here in question are those occurring in the combus- 
tion of fuel gases, — ^hydrogen, hydrocarbons, and carbon mon- 
oxide. The German chemists have considered the reaction taking 
place in flames or explosions. With the aid of the spectroscope 
and our well-improved knowledge of spectra, and using our 
knowledge concerning the heats of dissociation of Hj, O 2 , the C — C 
linkage and so on, they were able to find out what sort of inter- 
mediate moleciiles were formed between the starting substances 
and the final products. They observed the formation of OH, CH, 
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CC and other unstable materials. They were also able to answer 
the question as to how the chains are broken off— namely, by the 
loss of energy in the form of the radiations which give the special 
colors to the different flames or explosions. 

The same reactions have been studied in many investigations 
from the standpoint of chemical kinetics. That is of course 
impossible when using flames or explosions, as it is necessary to 
work with lower temperatures in order to gain a moderate reac- 
tion velocity. In all these investigations it has been shown that 
the place where reaction occmred was not in the gas phase but on 
the walls of the vessels. It has been known for a long time that 
there is a narrow domain of a gas reaction of measurable velocity 
(22) between the temperatures of these wall-reactions and that of 
explosion. This small domain of temperature has now been 
studied by the above-mentioned authors, who have discovered 
that the combustions are chain reactions also, and that the chains 
are broken off by the walls. This result may be astonishing at 
first sight, especially since at slightly lower temperatures the 
reaction takes place on the walls exclusively; but it has been 
proved quite certainly, and it is after all not difficult to under- 
stand, since it is clear that the wall surface is able to take up the 
energy of the newly formed molecules as well as to adsorb unstable 
intermediate products, thus giving them occasion to combine 
with each other. 

The idea that the combustions of gases are chain reactions, and 
that the chains are broken off on the walls or on other solid 
bodies present, has led to an explanation of the action of the anti- 
knock materials used with easily combustible fuels in internal 
combustion motors. These antiknock compounds, vapors of 
lead tetraethyl or of pentacarbonyl of iron, added in small 
quantities to the hydrocarbon fuels before they are mixed with 
air and compressed, are decomposed by the high temperature 
produced by this compression, thus giving rise to a dust of metal 
or metallic oxide. T^ dust, present throughout the whole mass 
of the gases, breaks the chains of the combustion of the benzenes 
which would otherwise lead to a premature explosion of the 
mixture and thus to the knocking of the motor. 
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This is the theory of the action of antiknock compounds as 
given by Egerton. It may be said that it seems not quite certain 
whether the substances really cause a breaking-o£f of the chains 
on the surfaces of the dust particles. It may be that the “anti- 
knocks” are negative catalysts in the sense suggested by Back- 
strom, and stop the combustion chain by being oxidized by the 
intermediate products of these chains. As far as I am aware no 
proper decision has yet been given as to their mode of action, but 
in both cases they act as inhibitors of combustion by breaking off 
the reaction chains. 

There are some more applications and some further develop- 
ments of the idea of chain reactions, but I think that this may be 
sufficient to give an accoimt of the subject and to show how 
commonly chain reactions appear, at least in gaseous reactions. 

It Seemk to me that chain reactions will become much more 
usual in proportion as gas reactions are studied more and more 
closely. It is not easy in every case to state that some reaction 
under investigation needs a chain for being completed. I said 
above that I was led to the assumption of the chains by the fact 
that in many photochemical reactions the niunber of reacting 
molecules was much greater than that of absorbed quanta. But 
at that time the Einstein law, which demands the identity of both 
of these numbers, was quite new, and seemed to be a somewhat 
bold postulate which one could either accept or reject, as was done 
at that time by other scientists. 

But I found that the yield by the photochemical processes was 
not only too great, but was also dependent upon the concentration 
of the reacting substances, upon apparently foreign additions, 
and in many cases upon the temperature, and that these processes 
showed in many details the characteristic properties of purely 
chemical reactions. So I was led to treat them in the usual way 
for treating reactions in the dark, — to look for a law giving a 
relation between reaction velocity and concentration, and to try 
to find out in this way the nature of the intermediate products. 
This is not possible in all cases, but sometimes it has been very 
successful. Moreover, this is the way by which to decide in every 
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case whether a reaction is a simple one or whether it involves 
chains. 

To illustrate this method, permit me to consider a special case 
which was investigated in an unusually successful manner a few 
months ago in my laboratory by Dr. Schumacher. The reaction 
was the decomposition of ozone, as catalyzed by chlorine, easily 
measmable in the dark at a temperature of 50°. The measure- 
ments indicated that there is a rather long period of induction, 
due certainly to the reaction itself and not to impurities, and that 
after this period of induction the velocity is given by 


-d(0.) 

dt 


k(Cl,)i (0,)» 


We assumed the following series of reactions: 

1. Cl, + 0, = CIO + CIO, 

2. CIO, + 0, = CIO, + 0, 

3. CIO, + O, = CIO, + 2 0, 

4. CIO, + CIO, = Cl, + 3 0, 
6. CIO + CIO = Cl, + 0, 


Calculating the velocity of each of these reactions as given by a 
constant kikj. . . , and the concentration of the reacting substances, 
we get a series of equations for the velocity of the change in con- 
centration of each of the substances occurring in this scheme. So 
for CIO*, for instance, we get 

» k,(Cl,) (0,) +k,(C10,)-(0,) - k,(C10,)*(0.) 
at 


If we assume that as soon as the induction period has been com- 
pleted, the velocities of formation and of using up this inter- 
mediate product are equal to each other, for a period of time short 
in comparison with that of the main reaction, then we may put 
d(C10*) 

the whole — ji — = 0. Doing the same with the analogous 
dt 


equations for the other intermediate products, we obtain equa- 
tions which give the concentrations of the intermediate products 
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expressed by a function of the concentrations of the well-known 
measurable substances. 

So we find in this case 

(CIO,) = |/^*. (01.) • m CIO, = |/t‘. (Cl,) . (0.) 

and for the velocity of decomposition of ozone, 

- = kiCCW • (O.) + k,- (CIO.) • (0.) + k,- (CIO,) • (0,). 

at 

Neglecting the first term as very small in comparison with the 
other ones, 

-d(O0 /k, 

dt 2 k.y'j.(ci,).( 0 ,).( 0 ,) 

This is the result as given by the experimental data. Of 
course, some simplifying assumptions were made in this calcula- 
tion. In most cases justification is proved only by the fact that 
the equation calculated in this way agrees with that found by 
experiment. In this special case, where the induction period was 
very long, which implies that the constants of the intermediate 
reactions were measmably small, we were able to calculate all the 
single k’s, thus verifying the validity of the assumptions made. 

It is impossible to go into details with this reaction, which is in 
many respects especially interesting, but I hope to have shown, 
using this example, that the chain reactions which occur so 
frequently may be recognized with all desirable certainty by a 
careful measurement of the reaction velocity, even in those cases 
where it is impossible to know the number of the primary reacting 
molecules, as in photochemical processes. 
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THE THERMAL AND PHOTOCHEMICAL SYNTHESIS 
OF PHOSGENE 


MAX BODENSTEIN 

PhyBikalisch-ChemucheB Institut, Berlin, Germany 

Carbon monoxide and chlorine are able to combine, forming 
phosgene, as well under the influence of light as at slightly higher 
temperatures with an easily measurable velocity. This reaction 
has occupied our attention since 1914. The reason for such a 
long series of investigations is that this is a real chameleon; 
the law of its reaction velocity changes from dark to light, and 
for the photochemical reaction from temperature to temperature. 
So I beg leave to give a very brief accoimt of the observations 
we have made in this direction. 

Let me begin with the reaction in the dark, which takes place 
with easily measurable velocity at 35(1-500°, and is accompanied 
by the reverse reaction, leading to an equilibrium. While this is 
of a perfectly normal kind given by 

(COCW 

(C0).(C1,) ' 

the velocity with which it is established is not. This is given by 
■ = k,- (CO) • (Cl.) • (Cl.)* - k,- (COCi.) • (CW* 


This equation expresses the fact that each of the two reverse 
reactions is catalyzed by chlorine atoms, present in low concen- 
tration in equilibrium with the chlorine molecules. An interpre- 
tation of the mechanism was given by Christiansen, who pub- 
lished a short paper on the decomposition of phosgene while 
Plant and I were occupied with the investigation of both reactions. 
He proposed two series of intermediate reactions: 

1. Cl, ^2 Cl 1. Cl, ^2 Cl 

2. Cl + CO COCI or 2. Cl, + Cl Cl, 

3. COCI + a, COCI, + Cl 3. CO + Cl, COO, + Cl 
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In both cases reaction 3 is slow; the equilibria 1 and 2 are 
continually established, — ^a view which may easily be accepted 
because there is only a very slow production or consumption of 
the components. It is impossible to decide between these two 
possibilities. On the other hand, Plant and I were able to show 
that all results as derived from both these schemes agree even 
quantitatively with the facts. 

Oxygen has no influence whatever on this reaction in the dark. 
But if one investigates the photochemical reaction at room tem- 
perature, one finds that oxygen is a very remarkable inhibitor, 
and that it is used up, forming carbonic acid, in a reaction which at 
even very moderate concentrations of oxygen preponderates to 
the exclusion of the formation of phosgene. A mixture of oxygen- 
free carbon monoxide and chlorine reacts with a velocity given by 

+ - k • • (CO)* • (Cl.) 

at 

• I « intensity of light. 

the yield being of the order of magnitude of 3(X)0 moles per 
Einstein, and changing of course with the concentration. If the 
absorbed energy is assumed to be proportional to the concentration 
of chlorine, a condition which is ordinarily permissible, this equa- 
tion becomes 


^d(C^ -k' (CO)* (Cl,)* 

at 

Even then it is not in agreement with that governing the reaction 
in the dark where (CO) appears in the first power, and therefore 
a different mechanism is necessary to explain this fact. The 
knowledge acquired in recent years that a reaction like the com- 
bination of chlorine atoms to form molecules is not a simple one 
has forced us to seek another type of reaction by which the 
chlorine atoms may disappear and thus explain the breaking of 
the reaction chains. This reaction is : 


coci -j- Cl - CO + ca, 
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and the whole scheme now adopted by us is : 


1. Cl, + E « 2 Cl 

2. CO 4- Cl - cocr 

3. COCl « CO 4 Cl^ 

4. CO 4 Cl, 4 Cl « COCl, 4 Cl 
6. COCl 4 Cl - CO 4 Cl, 


equilibrium being established. 


This series leads to the observed law of the reaction velocity and 
is in agreement with all facts. But it must be said, that reaction 
4 is given only in a ^neral form, because it is here, just as in the 
case of the reaction in the dark, impossible to decide which of the 
different possibilities included by it ‘may be the best expression 
for the observed facts. These possibilities are: 

CO + Cl - COCl (Reactions 2 + 3) or Cl, + Cl - CU 
COCl + Cl, = COCl, + Cl CO + Cl, - COCl, + Cl 


or even a three-body collision. reaction, exactly like reaction 4 
given above, which is not essentially different from the Cl* 
mechanism. 

We are led somewhat further by observations of the photo- 
chemical reaction at higher temperatures in connection with 
measurements of the photosensitized formation of carbon dioxide. 
The latter takes place as soon as oxygen is present in the illumi- 
nated mixture of CO and CU, and if the concentration of oxygen 
is higher than half that of chlorine, practically no more phosgene 
is formed, but only carbon dioxide. Its manner of formation 
must be through a chain reaction also, the yield being of the same 
order of magnitude as that of phosgene in the oxygen-free mixture. 

The checking of the formation of phosgene and the formation 
of carbon dioxide may be explained on the assumption that 
reaction 4 

CO + Cl, + Cl - COCl, + CO 


is replaced by 
followed by 


COCl + 0, = C0, + C10 


CIO + CO - CO, + Cl 

thus giving a chain. 
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The COCl was the substance which, reacting with Cl*, termi- 
nated the chain in the oxygen-free reaction. If it is used up to a 
large extent it is no longer able to act in this way; the chains must 
be broken off by another reaction. The reaction Cl + Cl = Cl* 
is at least improbable; so the chlorine atoms must find another 
way to recombine, and that is by adsorption on the walls and a 
further recombination in the adsorbed state. 

The consequence is that, for the photosensitized formation of 
carbon dioxide, the observed reaction velocity is no longer given 
by the square root of the absorbed energy, but by a power lying 
between the square root and the first power (to which the velocity 
of the diffusion of the atoms to the walls would be proportional) 
and changing with the form of the vessels, so that for larger ones 
the power, is about one-half and for smaller ones practically one. 

The power with which the absorbed energy enters into the law 
of the reaction velocity of the formation of phosgene changes in 
the same way if we change the temperature. Here several 
phenomena appear simultaneously: the photosensitized formation 
of carbonic acid ceases, together with the checking influence of 
oxygen; the power of the absorbed energy becomes exactly one, 
and this together with the fact that small amounts of impurity 
change the state of the walls and influence somewhat the reaction 
velocity. All these facts agree perfectly with the assumption that 
the equilibrium CO -|- Cl COCl is now changed so that only 
very low concentrations of COCl are available. 

Since COCl is the substance leading to CO* formation, it is well 
understood that the formation of CO* ceases. But since COCl is 
also the substance which causes the consumption of Cl atoms, 
these now require another way of being consumed, i.e. by move- 
ment to the walls and by recombination on the walls. This is a 
diffusion process, and is therefore given by the first power of (Cl), 
thus leading to the first power of the absorbed energy in the 
equation for the velocity. 

But this diffusion must depend upon the concentration of all 
gases and must be more rapid at low pressures. So we find the 
first power of the absorbed light already at somewhat lower 
temperature if the pressure is lower and if we go to pressures of a 
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few millimeters of mercury we can observe it even at room 
temperatures. 

It should be possible, with the great number of measurements 
we have collected in a long series of investigations, to calculate in 
a somewhat quantitative manner all these rather complicated 
reactions. Perhaps that will happen in the near future, but 
today we are not able to do it in spite of our rich material. The 
greatest difficulty lies in the fact that the sensitized formation 
of carbon dioxide follows a law which we cannot yet interpret 
exactly. The velocity is given by 

+ - k(Wb^- (CO)» 

As long as the concentration of oxygen is not too low, it has 
not the slightest influence, while carbon monoxide occurs with 
its square root, and the absorbed energy with some power between 
the half and the first power as discussed above. 

There is still a deep gap in our system. It is to be hoped that 
some one will have a good idea for fillin g it up and that then all 
these various reaction velocities may be reliably calculated, which 
will be of interest not only for the single question of the formation 
of phosgene but also for our general knowledge of chemical 
reactions. 




ACTIVATION BY LIGHT AND BY COLLISIONS IN 
THERMAL EQUILIBRIUM 

FEANCIS PERRIN 

Laboraloire de Chimie Physique, UniversiU de Paris, France 

The conception of activated molecules, now well established 
by the quantum theory, was first introduced by Arrhenius to 
explain the strong thermal acceleration of chemical reactions, and 
the success of this theory seems to prove positively that the acti- 
vation of molecules is the first step of most reactions. But we still 
know very little about the mechanism of these activations. 

A priori, the change in the energy of a molecule during an acti- 
vation or a deactivation may be produced either by some interac- 
tion with another material system (molecule, atom, or electron), 
or by electromagnetic radiation. (In the first case the mechanism 
is usually called a collision; but as the distance of interaction is 
often much larger than the diameter of the molecules, it is some- 
times better to use the word induction.) 

The possibility of producing molecular activation or deactiva- 
tion by means of radiation has been greatly emphasized by the 
quantum theory, whose fundamental relation determines the 
frequency of the light which can be connected with a given energy 
of activation. According to this theory, except in the single case 
of a metastable activated state, any activation can be produced 
by the absorption of a photon of the required frequency, and 
inversely, the return of the molecule to its normal state may 
occur by the spontaneous emission of a photon. 

In a mediiun in thermal equilibrium, lliere must exist, accord- 
ing to the fundamental law of statistical mechanics, a well deter- 
mined proportion of activated molecules of each substance pres- 
ent. But as all activated molecules are essentially unstable, 
such molecules can exist in a permanent state only if continually 
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new activations of ordinary molecules compensate the unavoid- 
able deactivations of the activated molecules. 

What is the origin of the energy required by these activations 
which occur in a medium in thermal equilibrium, for instance at 
room temperature, and are the first condition of any chemical 
reaction? Are they due to collisions between molecules, or to 
absorption of light borrowed from the thermal radiation? This 
question is very important for our knowledge of the mechanism of 
purely thermal reactions. (W e shall not consider in this paper the 
thermal chain reactions in which most of the activations are due 
to the reaction itself and are not of thermal origin.) 

It was at first admitted that the activations of molecules in the 
usual chemical reactions were due to collisions. But on this 
hypothesis it is difficult to explain the invariance of the rate of a 
gaseous monomolecular reaction when the pressure becomes very 
low. The only possible cause of activation is then the thermal 
radiation, and this is one of the reasons which led to the develop- 
ment of the so-called radiation hypothesis (Jean Perrin). 

This radiation hypothesis had some theoretical success, but 
was proved to be certainly erroneous in the case of the few reac- 
tions which could be thoroughly studied. The experiments of 
Professor Farrington Daniels show that the thermal radiation is 
not the cause of the decomposition of nitrogen pentoxide. More- 
over, very often there is not enough available energy in the ther- 
mal radiation to account for the reaction velocity observed. And, 
finally, though the coefficients of thermal acceleration of the 
chemical reactions which have been studied at room temperature 
correspond to active frequencies situated in the infra-red, no 
photochemical reactions have ever been observed in this region 
of the spectrum. 

One might be inclined to conclude from these facts that the 
thermal radiation never takes any part in the activation of mole- 
cules at room temperature. However, this conclusion would also 
be erroneous. We shall see that the study of fluorescence, com- 
bined with an application of the principle of microscopic reversi- 
bility, proves that in certain cases the thermal activations of mole- 
cules are due to radiation. We shall find at the same time an 
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important characteristic of the mechanism of activation by 
collision (2) (3) (4). 

Any fluorescence is due to the spontaneous deactivation with 
emission of light of molecules which have been activated by an 
external illiunination, increasing greatly the intensity of the active 
radiation. Generally the number of emitted photons is smaller 
than the number of absorbed photons, and this fact proves that 
some of the molecules activated by absorption return to their 
normal state, without emission of light, by a mechanism produc- 
ing kinetic energy and finally heat. The light efficiency, that is 
to say the ratio of the number of emitted photons to the number 
of absorbed photons, or, which is the same thing, of the number of 
deactivations by emission of light to the total number of deactiva- 
tions, is usually less than one, and sometimes very small. 

The probability of deactivation by emission is an internal 
probability practically independent of the external conditions. 
Therefore any variation of the fluorescence efficiency is due to a 
variation of the probability of kinetic deactivation. Such a va- 
riation is always observed when the concentration of the fluo- 
rescent substance is increased, the fluorescence efficiency becoming 
very small in highly concentrated solutions. This fact proves 
that the probability of kinetic deactivation of an activated mole- 
cule of the fluorescent substance is very much increased by 
the presence in its neighborhood of an ordinary molecule of the 
same kind. For instance, a molecule of fluorescein, activated by 
absorption of light in an aqueous solution, is practically unaf- 
fected by the presence of a great number of water molecules or by 
collisions with these molecules, since in a very dilute solution the 
fluorescence efficiency is nearly equal to one, which means that 
the deactivation is nearly always due to emission of light. But if 
in the neighborhood of this activated molecule there happen to be 
molecules of fluorescein in their normal state, it is very probable 
that a kinetic deactivation will occur.. It seemed very likely, 
by analogy with electromagnetic induction, that this sensitiveness 
to the presence of a molecvile of the same kind, when other mole- 
cules were without any effect, was due to a resonance between the 
two molecules, and this hypothesis has been verified. In fact, the 
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dizrxinution of the fluorescence efficiency is also produced by add- 
ing to the solution any substance having an absorption band close 
to that of the fluorescent substance, whatever the chemical 
differences between the two substances (1). 

In short, the study of fluorescence, especially in liquid solution, 
gives a direct knowledge of three mechanisms of quantum trans- 
formations: activation by absorption of light; deactivation by 
emission of light; and kinetic deactivation by induction between 
two synchronous molecules, no such deactivation being generally 
possible between two different molecules having no resonance rela- 
tion. This last mechanism is certainly connected with the 
mechanism of transfer of energy between two molecules in reso- 
nance, which has been explained by the wave mechanics. 

Besides these mechanisms, only one other is well known — ^that 
is, the activation by collision between a molecule (or atom) and a 
free electron. The activation of a molecule by collision with 
another molecule, which is usually supposed to be possible, is on 
the contrary very incompletely known, and has been observed 
only in rather complicated phenomena such as the luminescence of 
positive rays. 

It seems probable that any mechanism of molecular trans- 
formation might be exactly reversed, and Klein and Eosseland 
have shown the necessity of this possibility. The principle of 
microscopic reversibility, which is an extension of the second 
law of thermodynamics, compels us to admit that in a medium in 
thermal equilibrium, reverse mechanisms of activation and deac- 
tivation exactly balance one another. It is thus possible to infer 
from the observed eTdstence of a mechanism of quantum trans- 
formation, that the reverse mechanism also exists, and we are 
sure that in thermal equilibrium both these mechanisms will have 
the same importance. 

For instance, the inversion of the mechanism of activation by an 
electronic collision, or collision of the first kind, leads to a mechan- 
ism of deactivation by collision with a slow free electron, or collision 
of the second kind. 

Similarly, we have seen that for certain fluorescent substances, 
a kinetic deactivation of the activated molecules may be produced 
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by the presence of a molecule in resonance, but not by the presence 
of other molecules. Therefore we are sure that an ordinary mole- 
cule of such a fluorescent substance may be activated by a col- 
lision with a molecule in resonance if there is sufficient available 
kinetic energy, but that it cannot be activated by collision with a 
molecule not in resonance with it, even if the required kinetic 
energy is available. For example, a molecule of fluorescein may 
be activated by a collision with another fluorescein molecule, 
but cannot be activated by collision with a water molecule, even 
if the kinetic energy available in both cases is the same. 

We have thus found an important feature, which had not been 
suspected before, of the mechanism of activation by collisions. 
The available kinetic energy of two colliding molecules may pro- 
duce an electronic activation of one of them, only if a resonance 
condition is satisfied. 

The fact that a molecule of fluorescein in a dilute aqueous solu- 
tion cannot be activated by the collisions of the surrounding water 
molecules, even if these collisions are sufficiently violent, makes 
it probable that if this molecule is activated it will be by absorp- 
tion of radiation. A new application of the principle of micro- 
scopic reversibility proves that it is really so in this case, and, in 
general, gives for the first time a precise answer to the fundamental 
question of the relative importance of collisions and of radiation 
in the thermal activation of molecules. 

Let us consider a certain substance at a given concentration and 
temperature, — ^for instance, one of the reagents in a chemical 
reaction going on under some weU-defined conditions. We can 
measure the fluorescence efficiency corresponding to any state of 
activation of the molecules of this substance in the given condi- 
tions, by exposing the medium to an external beam of the light of 
the required frequency, having for this frequency a stronger inten- 
sity than the thermal radiation at the considered temperature. 
Let us suppose that this efficiency is dne-third, i.e. among the 
molecules which have been activated by the external beam of light, 
one out of three will be deactivated by emission of light. The 
total probability of deactivation by emission of an activated mole- 
cule under given conditions must independent of the cause of its 
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activation. Therefore, even if we cease to illuminate the medium 
from outside, we are sure that on an average one out of three 
molecules of the given substance in the specified activated state, 
whatever be the cause of their thermal activation, will be deacti- 
vated by emission of light, the two others being deactivated by 
kinetic processes. Vice verm, the statistical equilibrium of the 
system requires that the reverse mechanisms of activation should 
have the same probabilities, that is to say, that one out of three 
activations should be produced by absorption of light, provided by 
the thermal radiation. If it were not so, the substance considered 
would give to the thermal radiation more energy than it borrows 
from it, in opposition to the precise form of the second law of 
thermodjmamics. 

In general we see that: The relative importance of radiation in 
the thermal activation of the molecules of a given substance is equal 
to the efficiency of the corresponding fluorescence under the given 
conditions. 

In a dilute aqueous solution of fluorescein in thermal equilib- 
rium in a dark room, at the ordinary temperature, the few fluores- 
cein molecules which will pass into the activated state correspond- 
ing to the absorption band in the visible spectrum, will receive 
their energy from the thermal radiation; they will be activated 
by absorption of light. And on the contrary, in a concen- 
trated solution of the same substance, at the same temperature, 
nearly all the similar activations will be due to collisions, since 
then the fluorescence efficiency is very small; but in this last case, 
the activations will be due to collisions between two fluorescein 
molecules, and hardly ever to a collision with a water molecule. 

If, in the chemical reactions which have been so far studied, the 
activations of molecules are due practically only to collisions and 
not to the thermal radiation, it may then be concluded that the 
efficiencies of the fluorescences which would correspond to these 
activations, are nearly zero. This is not very surprising, since the 
substances having a good fluorescence efficiency are indeed rather 
exceptional. Moreover, in the known reactions the energies of 
activation correspond to infra-red frequencies, and no fluorescence 
has ever been observed in this region of the spectrum. It seems 
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probable therefore, that in the infra-red the fluorescence efficiencies 
are usually very small, and this explains fully the general failure 
of the radiation h3rpothesis. But if a substance having a strong 
infra-red fluorescence should be found, one might expect to ob- 
serve with it some thermal chemical reactions for which the acti- 
vations of molecules would be due to radiation. 

SUMMABT 

Deactivation of activated molecules by collision is very com- 
mon, but deactivation by radiation is rather rare. Deactiva- 
tion by radiation has been studied through experiments on fluores- 
cence, and it has been foimd that fluorescence can be quenched 
only by molecules which are in resonance with the activated mole- 
cules. 

Applying the principle of microscopic reversibility, it may be 
concluded that the available energy of colliding molecules can 
produce electronic activation only if a condition of a resonance is 
satisfied. 

The relative importance of radiation in the thermal activation 
of the molecule of a given substance is equal to the efficiency of 
the corresponding fluorescence under the given conditions. In 
most chemical reactions which have been studied thus far fluores- 
cence is negligible, and in these cases activation by radiation is 
relatively imimportant. 
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The photochemistry of solids has received relatively little 
attention, if one excepts numerous studies on the silver halides 
made in connection with the photographic process (1). A few 
quantitative studies of the rate of thermal decomposition of 
solids have been made, but, in general, little is known other than llie 
products of the reactions. The effects of alpha and beta particles 
on solids have been observed (2), but the chemical effects of 
slow-moving electrons on solids have received little or no atten- 
tion. Theoretical considerations underl 3 dng the various modes 
of decomposition are in a very rudimentary stage. It is the 
purpose of this article to bring together the existing data on these 
subjects and to point out certain theoretical difficulties and 
possibilities. 

The reason for the sparsity of the data on the reactions of solids 
is not difficult to find. The following types of reaction seem to 
be evident: (i) those for which all of the products are gaseous; 
(£) those in which the solids, in decomposing, leave a solid 
residue. In the former case the products may have relatively 
little effect on the course of the reaction unless they are highly 
adsorbed by the remaining solid. It is true that the rate of reac- 
tion may seem to depend markedly on the method used for its 
determination, for the process of diffusion of the gaseous products 
through the crystal lattice may be an important factor. For- 
tunately, however, this effect may be neglected in many cases. 
Thus any method depending on the evolution of a gas would give 
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a true measure of the reaction rate only after a steady state had 
been reached. In some cases the reaction may be limited to the 
surface molecules, and diffusion wordd not be of importance. For 


TABI.E 1 

Thermal decomposition of solids 


BUBBTANCS 

TBMPKB- 

ATUBB 

BANOB 

E \ 

\ 

cbtbtal form 

u 

B/Ti 

RBFBR- 

BNCB 


•c 

cola. /mole 





FeCO* (siderite) 

491-681 

86,600 

Trigonal 

773 

111 

(14) 

CoCO* (dry crystals) 

427-477 

72,400“ 

Trigonal 

713 

102 

(14) 



82,200*> 


738 

111 


ZnCOi (zincspar) 

407-452 

95,000 

Trigonal 



(14) 

PbCO* (cerrussite) 

320-360 

69,600'* 

Rhombic 

602 

116 

(14) (15) 

HgsCO* (precipitated)** 


i 





Ag*0« (dried crystals) 

327-363 

31,000* 

Cubic 



(16) 

AgjCOi (dry crystals) 

239-263 

40,000« 




(17) 

Ag*COi (amorphous)** 

227-268 





(17) (18) 

HiC*04 (anhydrous) 

130-170 

62,100 

Rhombic-bi- 

457 

114 

(19) 




pyramidal 




MgCO* (magnesite) 

41fi4l87 

110,000* 

Rhombic 



(20) 



204, 000** 







84,000* 


756 

111 


CdCO* (precipitated) 

376-410 

50,000*** 

Trigonal 



(21) 

KClOs (crystals) 

100-266 


Mono- 



(22) 




clinic 



1 


* Reaction: 2 CoCO* = CoCOj-CoO + COa. '’Reaction: CoCOi-CoO « 
2 CoO + COj. « Reaction: 2 PbCOa = PbCOi-PbO -f COa. ** Autocatalysis by 
HgaO. Results not reproducible owing to effect of impurities and decomposition 
of catalyst. • Autocatalysis by Ag. Temperature Coefficient =* 1.63. * Calcu- 
lated from data given by Lewis. < Calculated by authors. Data not constant. 
Temperature Coefficient » 2.14. ^ Decomposes to give unstable intermediate 
(oxycarbonate) which acts as autocatalyst. ^ Calculated by authors for reaction 
2 MgCOt = MgCOi*MgO -f CO 2 for range 416-426®C. ^ Calculated by authors 
for reaction MgCOs*MgO + 2 MgCOt * 3 MgO -MgCOt + 2 COs for range 462- 
462®C. ' Calculated by authors for reaction 3 MgO -MgCOt *= 4 MgO + CO* for 
range 470-487'’C. Only one of these three reactions has a specific reaction rate 
near 0.01. Calculated by authors. An induction period is found. Temper- 
ature coefficient ~ 2.02. 

the second type of reaction, diffusion is often of importance and, 
in addition, the products of the reaction remain in intimate 
contact with the unreacted molecules, a fact which may lead to 
various secondary phenomena, such as autocatalysis. 










DECOHPOBinOir OF SOLID BODIES 


241 


These difficulties are present in all three classes of decomposi- 
tion disciissed in the present article. They are particularly 
difficult to overcome in studies of decomposition by radiation and 
by electron bombardment, for the amount of reaction is usually 
small and its detection difficult. Gas evolution methods are 
usually the most convenient to employ, but care is necessary 
because of adsorption. 

THE THEBMAL DECOMPOSITION OF SOLIDS 

Table 1 gives a fairly complete list of the thermal decomposi- 
tions of solids which have been studied from the standpoint of 
reaction rate. In nearly all, if not all, cases where the rate can 
be determined without ambiguity, the variation with temperature 
is satisfactorily given by the Arrhenius equation 

z - A (1) 

where K is the specific reaction rate, A is a constant, E the "heat 
of activation” or critical increment per gram-molecule, R the gas 
constant per gram-molecule per degree and T the absolute tem- 
perature. The reactions usually obey the equation for a uni- 
molecular reaction 


-dAf/dt - K Af (2) 

where M represents the amoimt of sohd in convenient units and t 
is the time. In some cases, however, the rate is proportional to 
the surface of the solid instead of to its mass, and, in addition, 
the equation sometimes needs modification because of such 
phenomena as autocatalysis. An attempt has been made to 
point out facts of this nature in the footnotes to the table. 

It has been shown for bimolecular gas reactions that E/T is 
nearly constant when various reactions are compared for identical 
values of K (3). Such a comparison is shown in table 1 for the 
decomposition of solids, the value K = 0.01 being chosen for the 
calculations. In many cases it was impossible to obtain the rate 
constants directly from the data given by the authors. The 
values of E/T show a surprising constancy, however. While the 
data on the decomposition of solid KClOt are not entirely satis- 
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factory, this substance almost certainly does not follow this 
generalization. It would be unwise, therefore, to make too broad 
a statement on the basis of the values given in the table, although 
it is possible that the relationship would be valid for those reac- 
tions for which catalytic effects are not important. 

Theories of the mechanism of gaseous reactions have attained 
some success in the past few years in accounting for the rate of 
reaction on the basis of collisions (3, 4, 5, 6, 7, 8, 9). The com- 
plexity of the molecules has been considered, and the distribution 
of the energy among the various degrees of freedom has been 
treated with the aid of statistical mechanics. Thus far these 
theories may be said to be in a somewhat empirical stage, for the 
number of degrees of freedom which must be used in the calcula- 
tions can not be obtained from any molecular model. Definite 
information as to the nature of the bond which must be activated 
is usually lacking. One may say, however, that it is possible to 
accoimt for the magnitude of most homogeneous gas reactions 
by such calculations. Introduction of the ideas of pre-dissocia- 
tion (10) (11) and further studies of the energy levels in com- 
plicated molecules will undoubtedly lead to more satisfactory 
results in the future. 

Few attempts have been made to account for reaction rates in 
solution. Here it is difficult to treat the problem on the basis of 
collisions. One or two attempts have been made to account for 
the reaction rates of solids (12) (13). 

For homogeneous gas reactions the order of magnitude of the 
“heat of activation” is from 10^ to 10® calories per mole. In 
general, the heats of activation are not related to any frequencies 
in the absorption spectra of the reacting gases by the simple 
equation of the quantum theory E = Nhv, where N is Avogadro’s 
number, h is Planck’s constant expressed in the proper units and 
V is the frequency. Numerous attempts to find such a relation- 
ship have been made as a result of the interest aroused by the 
radiation h3q)othesis (23). In most theories of gas reactions it is 
customary to assume that the relative kinetic energies of two 
molecules at impact, plus the internal energies of the two mole- 
cules, must exceed E/N in order to make reaction possible. 
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Reaction must occur during the interval between such an activat- 
ing collision and a subsequent deactivating collision. Dming this 
interval the proper bond in the molecule must acquire a certain 
minimum amotmt of energy. 

In the case of the thermal decomposition of solids it is difficult to 
arrive at any satisfactory formula for the possible number of 
activated bonds. If the solid is thought of as a system made up 
of a large number of harmonic oscillators, the fraction in any given 
quantum state would be given by the expression 


Pi 


p - B/hT 
e 

2P,e-V**’ 


(3) 


where P® is the o prwri probability of the state under considera- 
tion and the summation in the denominator is to be taken over all 
possible states. If the a priori probabilities are all taken equal 
to unity, and there is an infinite succession of states close together, 
it is found that the fraction of oscillators with an energy greater 
than Eh will be {Eh in energy units per mole and R in 

the same energy units per mole per degree). If now an oscillator 
must possess an energy greater than Po as a prerequisite to decom- 
position, the specific reaction rate will be given by the equation 

K~ A (4) 


This is identical with equation (1) in form. A would be a con- 
stant depending on the chance of reaction after activation. On 
the basis of this simple picture, therefore, A could not exceed the 
fraction of a group of molecules which could become activated in 
the proper time unit corresponding to K. 

We find that the values of K for the thermal decomposition of 
anhydrous oxalic acid may be represented (19) by the equation 

logi. K » 22.869 - 11370/r (6) 


SO that E - 52100 calories per mole. . K is expressed in mins.'^ 
Thus at a temperature of 443° K. (which is in the range of tem- 
peratures used in the investigation), Kna = 1.56 X 10~*, or if the 
unit of time is changed to seconds, = 2.6 X 10~‘. Therefore 

g-moo/i t* X 4M » 2.16 X lO-**. A - 1.20 X 10« aecs.-* 


(6) 
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The quota of active molecules must be restored 1.2 x 10” times 
per second in order to maintain the rate of reaction. Without 
more specific knowledge of the solid state it is difiicult to estimate 
whether this figure is at all reasonable. It is extremely probable 
that our treatment of the solid as a system of harmonic oscillators 
is entirely too simplified. Indeed, it is reasonable to suppose that 
the amplitude of oscillation may not have all values (except, 
perhaps, for oscillators on the surface). Suffice to say, however, 
that this value of ^ is larger than can be accounted for satisfac- 
torily in homogeneous gas reactions. 

Kassel (13) has considered the difficulties involved in interpret- 
ing the high rate of variation with temperature of the decomposi- 
tion of calcium carbonate hexahydrate (13a), and has come to the 
conclusion that it is possible to explain the data satisfactorily by 
postulating a step-wise reaction. We shall show in the next few 
pages one method of treating the problem by introducing two 
steps, one of which is reversible. There is no very good reason 
for postulating such steps for the solids mentioned in table 1. It 
is conceivable, however, that any solid decomposition involves a 
rearrangement in space of some atom or groups of atoms, and that 
either reversion to the initial state or production of a new com- 
pound may result from this new configuration. 

The recent work of Hume and Colvin (13a) on the decom- 
position of potassium oxalate hemihydrate indicates a very high 
temperature coefficient. It is doubtful whether either this re- 
action or the previously mentioned decomposition of calcium 
carbonate hexahydrate studied by Topley and Hume (12) can 
be accounted for entirely by a mechanism involving steps. The 
reaction takes place undoubtedly at an interface and the treat- 
ment given by these authors seems adequate. 

The possibility must not be ignored, however, that some 
modified distribution law must be used, and that the quota of 
active molecules as calculated above is entirely wrong. Thus it 
might be possible to treat each unit in the crystal lattice as an 
entity, and obtain a value for the probability of its possessing a 
certain energy of oscillation. Upon ascribing a certain number of 
degrees of freedom to each unit, it would be possible to calculate 
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the chance that any one degree of freedom would possess the 
requisite energy for reaction. This treatment of the problem 
would be analogous to that used for gas reactions. Such a treat- 
ment, however, will scarcely account for the magnitude of A, and 
similar difficulties are encountered for the other solids given in 
table 1 for which the values of E/Ti are about 111. Conse- 
quently, this line of attack will not be pursued further in this 
article, and we shall confine ourselves to the demonstration that 
most of the facts may be accounted for by assuming a step-wise 
reaction. 

Let us assume the following mechanism 

A = B; - dA/dl ~ kiA = + dB/dl 

B = C; - dB/dt = Jfc, B = + dC/dt 

B = A; - dB/dl - jk, B - H- dA/dl 

In the steady state we may assume that the amoimt of B will 

remain constant and we may write 

B 

kt+k^ 

and the rate of the observed reaction will be 


+ dC/dt - 


k,ktA 

i, + fc, 


Put 


ki 


= o e 


- Bi/RT, 


k. 


. - Bt/RT, t ^ - B,/RT 

0 0 I fCf “ C 6 


and 


„ 

k,+ kt 


It can now be shown that 


In X - - — f* - In («“ + e/b) + In a (7) 

RT 


Beferring to equation (5) we may put 
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Ml “h Mt ” Mt ““ 62108 


( 8 ) 


and 


a - 10“ “* - ® + lo“ “® e/b 


(9) 


It now remains to test the equations for their applicability to 
the experimental data. If we put Ei = E» - 30054 and Et = 
8000, then c/5 must have a small value in order to give a reason- 
able value to a. Let us assume that c/6 = 10~“. Then at 
443°K., a = 8.218 X 10“. If o = 6, we find that c = 0.822 X 
10*. Therefore it can be shown that h — 1.294 X 10“* = kt, 
and kt = 9.43 X 10“* if the time is taken in minutes. Thus 
the quota of molecules in the active state would only need to 
be restored 1.4 x 10“ times per second for the first and second 
reactions ^d only 10 to 100 times per second for the reverse 
reaction. If the reaction is purely on the surface and only one 
molecule in 10* is on the surface, the active quota would only need 
to be restored 1.4 x lO^* times per second for the forward reac- 
tions. There should not be a great deal of difficulty in accounting 
for this rate of activation. 

At a temperature of 413°K., if c/6 is still lO"!*, ki = 9.76 X 
10-* = kt, and kt = 4.38 X 10“*. The value of K calculated 
from these figures is 2.13 X 10~*, which agrees with that obtained 
from equation (5). It would be impossible, from the experi- 
mental data, to detect the small variation with temperature 
necessitated by equation (9). 

One other explanation is possible in the case of certain solids. 
Christiansen and Kramers (24) have postulated that a molecule 
on decomposing may transmit its excess energy to those imme- 
diately surrounding it, thereby producing a ‘chain’ reaction. 
This type of process might occur if the heat of reaction is small 
compared to the heat of activation. If the reaction is endo- 
thermic, the heat of activation divided by the heat of reaction 
would give approximately the number of molecules which might 
decompose in such a chain, providing the second molecule did not 
require the same heat of activation as the first. If the reaction is 
exothermic, an indefinitely large niunber of molecules might 
decompose in such a chain. 
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Such considerations as these may be of importance in some 
cases, but most of the solids mentioned in table 1 decompose with 
the absorption of energy, so that the explanation of the magnitude 
of the reaction rate must undoubtedly be found elsewhere. 

Equation (1) has been derived by Tolman (25) in the form 

din K E — E 
dT RT^ 

where E is the average energy of the molecules which react and E 
is the average energy of all the molecules. As we have seen, most 
of the reactions of solids require a large difference between these 
energy terms. Hence some mechanism must be found which 
gives a larger quota of active molecules than can be obtained on 
any simple hypothesis. 

Before concluding this section on the thermal decompositions 
of solid bodies, we must return to a fact which has been pointed 
out several years ago by Langmuir, — namely, that reactions are 
most apt to occur at an interface. The introduction of an inter- 
face into a solid body may lead to effects which have not been 
considered in this article. For example, the size of the interface 
and the character of its growth may suffer abnormal variations 
with temperature. Indeed, some work indicates that perfect 
crystals will not decompose unless they are first transformed 
either by scratching or by pressure. This would indicate that 
reproducibility should be difficult of attainment in studies of 
thermal decomposition. It can be shown, however, that one 
method of treating the problem of the interface mathematically 
leads to results identical in form with the step-wise reaction which 
we have postulated in the preceding paragraphs. In the case of 
oxalic acid, no interface between solid phases seems possible. The 
reaction probably takes place on the surface of the crystals. 

The values of E/T may show an agreement wUch is of no 
theoretical significance. The fact that most of the solids con- 
sidered are carbonates and that even oxalic acid decomposes to 
liberate carbon dioxide, may indicate, simply, a regularity in 
decompositions of this class. Further studies of other types of 
solid body will be necessary to decide this question definitely. 
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The large values of EjT indicate, however, that the fraction of 
active molecules must be small according to any simple theory of 
reactions taking place in one step which has been proposed. If the 
reaction is restricted to an interface (which would limit the number 
of molecules capable of activations to a small fraction of the total), 
the A terms for the molecules in the zone of action would be much 
larger than the figmes we have given and the difficulty in their 
explanation would be correspondingly greater. It seems entirely 
possible, however, that the distribution law for solid bodies is not 
as yet fully understood and that the future may bring forth a 
satisfactory explanation along altogether different lines. The 
new quantum mechanics leads us to believe that this may not be 
an impossible development in the very near future. 

THE PHOTOCHEMICAL DECOMPOSITION OP SOLIDS 

Little information on the photochemical decomposition of 
solids is recorded in the literature. Several obvious difficulties 
are encountered in this type of work. 

The determination of the quantum efficiency of a reaction of a 
solid would necessitate a measurement of the intensity of the 
incident as well as of the scattered radiation. This latter in- 
volves great difficulties and probably has never been carried out 
with entirely satisfactory precision. It may be estimated by 
means of a thermopile, which is moved into various positions 
with respect to the solid being irradiated. The total amount of 
scattered radiation would be obtained by integrating over a 
complete sphere (26). 

As a result of these considerations, measurements of the photo- 
chemical decompositions of solids usually are restricted to an 
approximate determination of the effective wave lengths and of 
the decomposition products. We shall cite several photochemi- 
cal reactions of solids to indicate the nature of the information 
available. 

The rearrangement of o-nitrobenzaldehyde to o-nitrosobenzoic 
acid was first studied by Lobry de Bruyn (27), who found that a 
solid solution of the acid in the aldehyde was formed. Bowen, 
Hartley and Scott (28) found that the quantum efficiency of this 
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reaction was about 0.5, neglecting scattered radiation. Padoa 
(29) investigated the reaction of sin^e crystals in polarized li^t, 
and established that there were distinct differences in the speed of 
reaction according to the orientation of the crystal to the plane 
of polarization. Weigert and Brodmann (30) have studied this 
reaction in solution and find a quantum efficiency of about 0.5 
independent of wave length. They find that the assumption of 
anisotropy of single molecules in solution offers a satisfactory 
explanation of their results. 

Many examples of phototropy (31), or change in color upon 
irradiation, are known for solids. •l-Keto-2,3,4-tetrachloronaph- 
thalene, which is normally yellow, becomes green under the 
influence of visible radiation (32). The yellow hydrazones of 
aromatic aldehydes, Ri— CH = N — — R*, become rose, 

orange, purple or red brown (33). Many other examples could 
be given. The theory underl 3 Tng these changes is not entirely 
satisfactory. It is probable that a single theory would not be 
adequate to explain all of the phenomena (34). Weigert (35) 
has discussed various aspects of photodichroism and photo- 
anisotropism (35a). 

The action of radiation on solid cinnamylidenemalonic acid, 
first investigated by Riiber (36), gives probably diphenyltetra- 
methylenediethenyldicarboxylic acid under the influence of light. 
Bowen, Hartley and Scott (28) find the quantum efficiency to be 
about unity. 

Renz (37) studied the action of sunlight on TlCl, both as a 
solid and in contact with various solutions. He found that the 
color became darker and that various compounds of thallimn 
and chlorine were formed. He also investigated TiOt, CeOt and 
Nbi06 in a somewhat similar manner (38). Reaction was 
observed in all cases. 

Many qualitative photochemical effects have been recorded, 
but an examination of the literature shows that few substances 
have been investigated from the standpoint both of thermal 
reaction rate and of photochemical reaction rate. Berthelot 
and Gaudechon (39) studied the photochemical decomposition of 
anhydrous oxalic acid and found that carbon dioxide, carbon 
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monoxide, hydrogen and traces of formic acid were formed. They 
allowed the solid to reach a temperature of 95°C. due to the 
proximity of the quartz mercury arc lamp. The decomposition 
was found to take place at wave lengths below 300 m^. Subse- 
quent work (19) (40) has shown that the decomposition requires 
even shorter wave lengths, below 250 mix, and that decrease 
in wave length leads to an increase in rate of decomposition. 
Whether this implies an increase in quantum efficiency or simply 
an increase in absorption was not ascertained. The hydrate was 
found to decompose much more rapidly than the anhydrous 
material. A period of induction was noted. This was explained 
as due to the relatively slow diffusion of the decomposition 
products out of the crystal. It may have been only an apparent 
effect due to the adsorption of the products by the surface of the 
crystids and the glass wall. Support for this statement is found 
in the effect of long continued evacuation. The length of the 
induction period was markedly increased thereby. 

The theoretical interpretation of the wave length required for 
photochemical decomposition of oxalic acid is not certain. We 
have already seen that some special postulate is probably needed 
to afford an explanation of the rate of thermal decomposition, and 
hence the apparent energy of activation would probably bear no 
relationship to the wave length of light necessary to cause photo- 
chemical decomposition. Solutions of oxalic acid are decomposed 
by wave lengths somewhat longer than those necessary for the 
decomposition of the solid. 

The action of the light may cause an increase in vibration 
quantiun number of some of the bonds lying near the surface with 
the possibility that direct dissociation may result if the frequency 
is higher than that of the convergence limit. The chance of such 
a large increase in vibration quantum number without change in 
electron level is usually small. Or the phenomenon of pre- 
dissociation may be of importance (10) (11). In this case the 
excitation to a higher level may be followed by a change in 
electronic level resulting in dissociation. 

It may be of interest to inquire whether the radiation which 
causes decomposition might not produce dissociation directly 
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instead of activation. Since the reaction is probably to be 
represented by the equation 

H,C,04 - HCOiH + CO, 

the primary step may be the removal of a hydrogen atom. 
The heat of dissociation of the -0-H bond is not known, but it 
may be assumed to be similar to that required to dissociate an 
isolated OH radical into an oxygen and a hydrogen atom. The 
energy required for the latter may be obtained from the following 
heats of reaction: 


(a) H, <• 2 H; ' AH ° 102000 calories (41) 

(b) 1/2 O, = O; AH = 70000 (42) 

(c) HOH >= H, + 1/2 O,; AH - 57800 (43) 

(e) H + OH •» H,0; AH - -112000 (44) 


Adding 


OH - H + O; AH ■= 117800 (44a) 

If the action of radiation were to remove a hydrogen atom without 
the production of an excited residue, a wave length of about 240 m/* 
could be calculated as necessary. The fact that this is in agree- 
ment with experiment may, of course, be an accident. It is 
obvious, however, that dissociation may be brought about by the 
radiation necessary to cause dissociation. 

By the use of monochromatic light it has been shown that 
KCIO, decomposes for wave lengths below about 280 mu (45). 
The quantum efficiency is low. It is interesting to note that the 
wave length does not differ greatly from that required for oxalic 
acid, whereas the heat of activation for the thermal reaction is 
much lower, although its value is uncertain. 

The photochemical decomposition of formic acid in the solid 
state has also been investigated (46). The quantum efficiency 
was about 1/50, neglecting scattered radiation. Only wave 
lengths below 300 m/x were effective. 

In conclusion, we may state that although little information of 
a precise nature with regard to photochemical decompositions of 
solids is available, the facts warrant the adoption of principles 
similar to those used for other systems. Absorption by a solid 
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usually occurs in broad bands instead of in sharply defined lines. 
Nevertheless, dissociation and pre-dissociation may be thought of 
as occurring for surface molecules. No obvious relationship 
exists, in the few cases available for comparison, between the 
wave length of the radiation necessary for photochemical decom- 
position and the thermal heat of activation. 

In this discussion mention of the silver halides has purposely 
been avoided, as they are discussed adequately in other reviews. 

THE nECOMPOSITION OF SOLIDS BY ELECTBON BOMBABDMENT 

The study of ionization and resonance potentials for gases has 
served to show the exactness of the relation 

e V - /»» (10) 

in such cases that an atom or molecule may be raised to some 
definite energy level by electron bombardment and may return to 
its normal state with the emission of radiation. 

Direct dissociation of molecules into normal atoms is rarely, 
if ever, brought about by electron bombardment. The prob- 
ability of increasing the rotational energy to the point of causing 
dissociation by such a process seems to be extremely small. 
Similarly, the chance of increasing the vibration level to such a 
point is negligible. However, dissociation may be brought about 
simultaneously with a change in electron level. The products of 
dissociation maybe, in such a case, either a normal and an excited 
atom, or an ion and a normal atom. 

It is now generally agreed that the dissociation of hydrogen into 
two normal atoms involves the absorption of energy correspond- 
ing to about 4.46 volts (41). Inelastic collisions between elec- 
trons and hydrogen molecules are not observed at this potential, 
however. Ionization of hydrogen molecules is produced at a 
potential of about 16 volts and the product is an Hj ion (47). 
This ion may dissociate into an H+ ion and a normal atom upon 
collision. Dissociation of the molecule into one normal atom and 
an atom in the 2 quantum state would require an energy cor- 
responding to 14.63 volts. This process may be brought about 
by electron bombardment, as well as by radiation of wave length 
less than 84.94 m^ (48). 
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Somewhat similar relationships are obtained for other mole- 
cules. Therefore, if dissociation is to be brou^t about, either 
electron bombardment or radiation may be used. If a molecule 
is dissociated by radiation the following sets of products may be 
observed: (a) two normal atoms; (b) one normal and one excited 
atom; (c) two excited atoms; (d) one atomic ion and one neutral 
atom; (e) one atomic ion and one excited atom; (/) two atomic 
ions (one positive and the other negative). Not all molecules 
will exhibit these six different modes of dissociation. For each 
electron state of the molecule there will be a convergence fre- 
quency which will correspond to- dissociation. It seems that 
dissociation by electron bombardment almost never occurs 
except when it accompanies a change in electron state. The first 
of these possibilities is, therefore, a rare occurrence when electrons 
suffer inelastic impact with molecules. 

It can be seen from the foregoing that in some cases the rela- 
tionship eV = hv may enable one to predict what speed of 
electron will bring about chemical action, but that in other cases 
no such prediction could be made. 

In addition to the foregoing possibilities, dissociation may result 
by the phenomenon of pre-dissociation. That is, when a molecule 
is excited to a higher electron level, its energy may exceed that 
necessary to produce dissociation in some other electron level. 
Under these conditions a change of electron level may occur and 
dissociation result. This phenomenon usually leads to a diffuse- 
ness of the lines in the absorption bands (10). 

Theoretical studies of the solid state from the standpoint of 
energy levels are in a very elementary stage, but we may assume 
tentatively that conditions approximate those in gases. One 
should expect to be able to calculate the speed of electron which 
would cause reaction for some cases but not in others. 

The kinetic energy of electron which will cause chemical reac- 
tion has been investigated for a few cases. Thus it is found that 
when the ionization potentials of nitrogen and hydrogen are 
exceeded, ammonia will be produced in a mixture of these two 
gases (49). 

The electron bombardment of metals has been studied with 
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the following objects in view: (o) to ascertain the wave length of 
x-radiation emitted (50) ; (5) to ascertain under what conditions 
ultra-violet radiation is emitted (51); (c) to determine the nature 
of secondary electron emission (52); (d) to determine the law 
governing the scattering of electrons by crystals (53). 

These studies have shown that the relationship cT = hv holds 
within the limits of error for the excitation of x-radiation by 
electron bombardment. There is also some indication that 
ultra-violet radiation is given off when metals are bombarded by 
slow-moving electrons according to the same law. The emission 
of secondary electrons follows laws somewhat similar to those 
governing the photoelectric effect. The reflection of electrons 
from crystals follows laws somewhat similar to those governing 
the scattering of x-radiation. With certain corrections applied, it 
is found that the wave length of the electron is given by the 
de Broglie equation (54) X. = h/mv, where m is the mass of the 
electron and v its velocity. 

The effects of alpha and beta particles on solids have been known 
qualitatively for many years (2). Thus glass becomes colored in 
the presence of radioactive materials. The alkali halides are also 
colored by their action. The change of w'hite to red phosphorus 
has been investigated. 

The effect of slow-moving electrons on non-conducting solids 
seems to have received little or no attention. There is consider- 
able difficulty in interpreting the results in this case. 

When a non-conducting solid is exposed to an electron stream, 
the surface of the solid should acquire a negative charge until 
such a point that the electrostatic repulsion prevents any further 
electrons from reaching it. If, however, there is a slight conduc- 
tion along the surface, the charge should be gradually dissipated, 
and electrons should reach the surface with a kinetic energy 
dependent on the net effect of the various electric fields present. 

The effect of electrons of varying kinetic energy has been 
studied for oxalic acid. The oxalic acid was placed on the pan of 
a sensitive balance in a vacuum. The pan of the balance was 
given a positive charge. A filament was used as a source of 
electrons and the range of velocity was limited by grids in the 
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usual maoner. With the arrangement of grids used, any positive 
ions formed in the gas between the grids would reach the surface 
of the solid and tend to neutralize the negative charge on it. 
If, then, the first few electrons which reach the solid cause decom- 
position leading to the production of some gas the process might 
continue. Superimposed on the electronic decomposition there 
would be photochemical decomposition brought about by radia- 
tion produced in the gas phase. This would, in effect, act as an 
amplifier of the effect being studied. 

The results obtained indicated that when the kinetic energy of 
the electrons reaching the solid reached a value between 4.5 and 
5.5 volts, decomposition resulted. Five volts corresponds to a 
wave length of about 250 ran, so that the relationship eV = hv 
would seem to be verified. The number of electrons per molecule 
of solid decomposing was about 10-*. These results are open to 
question for the following reasons: (a) the charge on the solid 
may render the velocity of the electrons uncertain; (6) oxalic acid 
does not have a negligible vapor pressure at room temperature 
(55), so that in spite of the removal of the vapor by liquid air, 
some photochemical decomposition may have resulted, owing to 
ionization and resonance in the vapor phase; (c) thermal radiation 
from the filament may cause a slight amount of decomposition. 
This error should be negligible. 

Similar experiments with potassium chlorate (45) indicate that 
slight decomposition is produced by electrons at 22 volts. An 
ionization gauge of high sensitivity was used to detect reaction by 
measuring the pressure increase. Consideration of the probable 
adsorption of oxygen in the liquid air trap makes it seem probable 
that decomposition would not have been observed unless 10 to 
100 molecules had decomposed per electron. Since the reaction 
is decidedly exothermic such a figure might not be surprising. 
We may say tentatively, that the relationship eV = hy does not 
permit of prediction of the proper speed of electron to cause 
decomposition in this case. 

SUM1EA.BY AND CONCLUSIONS 

It is found that many solids decompose thermally, and that the 
heats of activation are rather high. The probability that the 
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expression represents the fraction of molecules in the 

active state has been discussed. It is concluded that the magni- 
tude of the reaction rates may be accounted for by postulating 
reaction in steps. It is possible, however, that when more is 
known of the solid state, some mechanism may be available for 
providing activation rapidly enough. 

The photochemical decomposition of solids may be considered 
in terms analogous to those used for gases. The wave length 
necessary to produce decomposition may not be calculated from 
the heat of activation for the thermal reaction. 

The various aspects of the electron bombardment of solids 
have been discussed. It is found that the electron energies 
necessary to produce decomposition may not be calculated in 
some cases from the wave length of radiation which causes the 
same process. It is shown that the decomposition of oxalic acid 
by electron bombardment may be in agreement with the relation- 
ship eV = kv, but that lack of agreement is found for KClOj. 

REFERENCES 

(1) For summary see Kistiakowskt: Photochemical Processes, p. 41, The 

Chemical Catalog Co., Inc., New York (1928). 

(2) See Lind: Chemical Effects of Alpha Particles and Electrons, 2nd Ed., The 

Chemical Catalog Co., Inc., New York (1928). 

(3) Hinbhelwood : Chem. Reviews 3, 247 (1926) ; Kinetics of Chemical Change in 

Gaseous Systems, The Clarendon Press, Oxford (1926). 

(4) Lindemann: Trans. Faraday Soc. 17, 599 (1921). 

(5) Tolman, Yost and Dickinson: Proc. Nat. Acad. Sci. 13, 188 (1927). 

(6) Fowler: Statistical Mechanics, p. 457, Cambridge University Press, Cam- 

bridge (1929). 

(7) Rice and Ramspebgeb: J. Am. Chem. Soc. 49, 1617 (1927); 60, 617 (1928). 

(8) Rice: Proc. Nat. Acad. Sci. 14, 113, 118 (1928). 

(9) Kassel: J. Phys. Chem. 32, 225, 1065 (1928). 

(10) Henri and Tbves: Nature 114, 894 (1924). 

(11) Bonhosffer AND F areas: Z.physik. Chem. 134,337(1928). 

Kronig: Z.Physik.60,347(1928). 

(12) Toplet AND Hume: Proc. Roy. Soc. (London) 120A, 211 (1928). 

(13) Ejlssel: J. Am. Chem. Soc. 61, 1136 (1929). 

(13a) Hums and Colvin: ibid. 126A, 635 (1929). 

(14) Brtjzs: j. Phys. Chem. 30, 680 (1926). 

(15) Centnerbzwer and Auerbuch: Z. physik. Chem. 123, 127 (1926). 

(16) Lewis: Z. physik. Chem. 62, 310 (1905). 

07) Centnebszwer and Bbuzs: Z. physik. Chem. 123, 111 (1926). 



DECOMPOSITION OF SOLID BODIES 


257 


(18) Centnbbszwbb and Bbuzb: J. Phys. Cbem. 29, 733 (1925)* 

(19) WoBBB AND Notes: J. Am. Chem. Soc.48, 2856 (1926), 

(20) Cbntnebszweb AND Bbuzb: Z. physik. Chem. 114,239 (1925); 116, 365 (1925). 

(21) Centnbbszwbb and Bbuzb: Z. physik. Chem. 119, 405 (1926). 

(22) Notes AND Vaughan: Unpublished work. 

(23) For review, see Daniels: Chem. Reviews 5, 39 (1928). 

(24) Chbibtiansbn and Kbambbb: Z. Physik. Chem. 103, 91 (1922); 204, 451 

(1923). 

(25) Tolman: Statistical Mechanics, p. 261, The Chemical Catalog Co., Inc., 

New York (1927). 

(26) Weiqebt: Optische Methoden der Chemie, p. 165, Akademische Verlags- 

gesellschaft, Leipzig (1927). 

(27) Lobrtde Brutn: Rec. trav. chim. 22, 298 (1903). 

(28) Bowen, Hartlet and Scott: J. Chem. Soc. 125, 1218 (1924). 

(29) Padoa: Atti. accad. Lincei28, 372 (1919). 

(30) Weigert and Bbodmann: Trans. Faraday Soc. 21, 453 (1926). 

(31) Marckwald: Z. physik. Chem. 80, 143 (1899). 

Biltz: ibid. 30, 527 (1919). 

(32) Weigert: Z. Elektrochem. 24, 222 (1918). 

(33) Stobbb: Ann. 359, 1 (1908); Ber. 37, 2236 (1904). 

(34) See reference (1), p. 71. 

(35) Weigert: Z, physik. Chem. 3, Abt. B, 377, 389 (1929). 

(35a) See Chalklet: Chem. Reviews 6, 217 (1929) for a thorough review of 
phototropy. 

(36) Ruber: Ber. 35, 2411 (1902). 

(37) Renz: Helv. Chim. Acta 2, 704 (1919). 

(38) Renz: ibid. 4, 961 (1921). 

(39) Berthelot AND Gaudechon: Compt. rend. 158, 1791 (1914). 

(40) Notes and Kouperman: J. Am. Chem. Soc. 45, 1398 U923). 

(41) Wither: Phys. Rev. 28, 1223 (1926). Dieke and Hopfield: Z. Physik. 

40, 299 (1926). Bicbowskt and Copeland: J. Am. Chem. Soc. 50, 
1315 (1928). Richardson and Davidson: Proc. Roy. Soc. (London) 
123A, 466 (1929). 

(42) Recent value from spectroscopic data, Herzbebg; Z. physik. Chem. 4B, 223 

(1929) . Cf . Kaplan : Phys. Rev. 33, 638 (1929) . 

(43) Lewis and Randall: Thermodynamics, pp. 477, 495, McGraw-Hill Book 

Co., New York (1923). 

(44) Tatlor AND Bates: J. Am. Chem. Soc. 49, 2438(1927). 

(44a) See also Mullikbn: Phys. Rev. 33, 739 (1929). 

(45) Meileb and Notes: J. Am. Chem. ^c. 52, 527 (1930). 

(46) Herr AND Notes: J.Am. Chem. Soc. 50, 2^ (1928). 

(47) Smtth: Phys. Rev. 25, 452 (1925). Hognbss and Lunn: ibid. 26, 44 (1925). 

(48) See, for example, Mecke: Bandenspektra und ihre Bedeutung ftlr die 

Chemie, p. 54, Gebriider Bomtraeger, Berlin (1929). 

(49) Stobch and Olsen: J. Am. Chem. Soc. 45, 1605 (1923). Andebbon: Z. 

Physik. 10, 54 (1922). Hiedehan: Chem.-Ztg. 45, 1073 (1921); 46, 97 
(1922). 



268 W. ALBERT NOYES, JR. AND WILLIAM E. VAUGHAN 


(50) See, for example, Rollbfbon: Science 57, 562 (1923); Phys. Rev. 28, 45 (1924). 

M. DB Broqlib: Compt. rend. 172, 527, 806 (1921); J. phys. radium 2, 
265 (1921) ; Les Rayons X, Albert Blanchard, Paris (1923). 

(51) Bbicoot: Compt. rend. 182, 213 (1926). 

(52) Farnsworth: Proc. Nat. Acad. Sci. 8, 251 (1922). Shabman: Proo. Cam- 

bridge Phil. Soc. 26, 237 (1929). 

(53) Davisson and Germbr: Phys. Rev. 80, 705 (1927). 

(54) DB Broqlib, L.: Compt. rend. 177, 507, 548 (1923). 

(55) Notbs and Wobbb: J. Am. Chem. Soc. 48, 1882 (1926). 



HEATS OF ADSORPTION AND THEIR BEARING ON THE 
PROBLEM OF ADSORPTION 

H. R. KRUYT AND JOHANNA G. MODDEKMAN 
Van't Hoff Laboratory of the Slate University of Utrecht, Holland 
Received March 14, 19S0 

I. INTRODUCTION 

The process of adsorption involves the generation of heat. If 
no external work is done during the adsorption, the liberated heat 
is equal to the product of the quantity adsorbed by the dilBference 
in the energy of the gas before and after adsorption (Hiickel). If 
we reduce all values to those for one gram of adsorbent, the 
irreversible integral heat of adsorption is 

q = a (E - t), 

in which a represents the number of gram-molecules of gas p)er 
gram of adsorbent, E the energy per gram-molecule of gas before 
adsorption and e the same after adsorption. 

If a is increased by da, without any external work, the irrever- 
sible differential heat of adsorption per gram-mol is 

qi'=E-t-a- 

da 


for an ideal gas. 

If the adsorption takes place isothermally while the total 
number of molecules is kept constant, e.g. by moving a piston, 
then work is done. This work is p dV {dV is the volume of the 

RT 

gas which disappears), consequently p — - da. Per gram-mol of 

V 

gas adsorbed the work consequently is ET and 

^isotherm ~ Qd R7 , 

An isobar heat of adsorption is possible, whereby a and T are 
varied at a constant p, as well as an isostere heat of adsorption 
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whereby a remains constant, but a new p against T equilibrium 
is put in. Freundlich compares this heat with heat of evapora- 
tion, because during evaporation the composition of the phases 
also remains unchanged and only p and T are altered. This 
comparison however is confusing, as Williams has already 
pointed out. For if we bring the system water nvater- vapor to a 
higher temperature, but in such a way that absolutely no water 
evaporates or condenses (hence by reducing the total volume), 
the heat supplied has nothing to do with the heat of evaporation, 
but only with the specific heat of water and water-vapor and 
with a small amount of heat of compression. In the case of the 
isostere heat of adsorption the same is also true, for this is a 
specific heat. The heat of adsorption which has been determined 
experimentally is not exactly defined theoretically. It lies be- 
tween Qi and ?i.oth«rm, as it does not take place quite without 
external work, but it cannot be decided whether, and to what 
extent, this work is transferred to the calorimeter as heat. When 
adsorption of a vapor takes place until the adsorbent is in equilib- 
rium with the saturated pressure, we get the same condition 
which results when the evacuated adsorbent is directly wetted 
by the liquid in question. Furthermore, this wetting gives a heat 
effect smaller than the heat of adsorption, because the difference 
between these two, the heat of condensation, is always positive. 
The heat of wetting is usually deteimined by wetting a known 
amount of solid with an excess of liquid. This heat of wetting is 
hardly reproducible. 

II. EXPERIMENTAL DATA ON HEATS OF ADSORPTION 

We have published in the International Critical Tables, Vol. V, 
pp. 139-143, all reliable data on heats of adsorption determined 
experimentally, in so far as they were published before the year 
1927. At the end of this section we shall give a summary of the 
more recent experiments. 

The oldest quantitative experiments on the heat of adsorption 
are those of Favre, dating from 1874. Using a mercury-calorim- 
eter he determined the integral heat evolved by the adsorption 
of different gases on charcoal at room temperature and at a 
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pressure of one atmosphere. He used six types of charcoal, 
made from various kinds of wood, but the results obtained with 
a single kind of charcoal differ from one another about as much 
as those obtained with various sorts of charcoal. Also, the 
quantity of gas adsorbed by the charcoal at one atmosphere 
varies considerably in control experiments, but the quotient of 
heat and quantity of gas adsorbed, i.e. the mean liberated heat 
per cubic centimeter, is approximately constant. 

Nine years later, in 1883, Chappuis published his measurements 
on the heat of adsorption of various gases on charcoal (made of 
wood of Evonymm europaem) and on meerschaum. The method 
applied by him has been used by most investigators since then. 



Fig. 1. DirrERBNTiAi. Heat of Aosobption 


To a weighed amount of evacuated charcoal in the ice-calorim- 
eter, gas is admitted in known small portions. Before every 
admission and after adjustment of the equilibrium the pressure 
is measured, and since the volume of the apparatus is known, the 
quantity adsorbed per gram of charcoal can be calculated; we 
call this aA and express A in normal cubic centimeters (under 
normal conditions of temperature and pressure).* From the 
displacement of the thread of mercury the heat developed by the 
adsorption of A A is known; let this be AQ. We can now draw 

graphically ^ (the evolved heat per cubic centimeter of gas 
aA 


^ When the adsorbed gas is expressed in gram-mols we write a, when expressed 
in normal cubic centimeters we write A, In the case of vapors condensing at 
normal temperature and pressure, 1 normal cubic centimeter (ncc.) means 
1/22,400 gram-molecule. 
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adsorbed) against A, and we then get a stepped figure (figure 1). 
From this the real dependence of the heat of adsorption on A can 
be estimated by drawing a smooth curve, in such a way that 
each time the surface between that curve, the abscissa and two 
lines parallel to the ordinate, is equal to the surface enclosed by 
the steps. 



Fig. 2. Control Determinations of N* and NH| on Charcoal at 0°C. 

(Titopf) 

dQ 

The scale of A and the value of — of the abscissa are different for the two gases. 


Chappuis, in general, took too large volumes of gas (the steps 
were therefore too broad) to conclude much from his measure- 
ments except that ^ does not decrease in all cases with increas- 
aA 


ing A, as was expected, but that the curve sometimes shows a 
minimum, for instance with NH* on charcoal. This was evident 
in Titoff’s experiments of 1910; he determined very accurately 
the heats of adsorption of Nj, CO* and NH» on cocoanut charcoal. 
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The results of his control determinations with NH* and Nj are 
shown in figure 2. From this we get an impression of the re- 
producibility of these experiments, which is not great even when 
one works very accurately. This method of graphical representa- 
tion reveals experimental errors in a very sensitive way; we deal 
here always with quotients of two values, of which one (aQ) is 
especially subject to a considerable percentage error. 

Many investigators therefore draw their results only in the 
form of a Q against A curve, or express them in an exponential 
formula of the type Q = m A’' (in which m and n are constants). 
'Hie influence of experimental errors is then much smaller, but 



Fig. 3. I— Curve Which Can Be Represented by an Exponential Equation; 

II — Real Curve 


the curve no longer reveals much. Moreover, in those cases in 

which the — curve has an extremum, the Q against A curve 
dA 


must have an inflexion-point which cannot be expressed by the 
exponential formula. That in some cases the latter does not 
seem so unsatisfactory is due to the fact that the deviations 
between the real curve and that of the formula are distributed 
on both sides and are therefore unjustly attributed to experi- 
mental errors (figure 3). Therefore — is always given in the 

AA 


following tables. 

For the present we must content ourselves with knowing 
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the approximate course of the — against A curve, without being 

dA 

able to indicate exactly where there is, for instance, a minimiiTn , 
This is still more evident when we compare the results of different 
authors investigating the same system, such as ether on charcoal. 
This system has been examined by Lamb and Coolidge, by Keyes 
and Marshall at 0°C. and by Pearce and Lloyd McKinley at 25°C. 
(see table 2). Considering that they worked with charcoals of 
different structures and of very different adsorbing capacities, 
the agreement between their results is certainly satisfying (figure 
4), In all cases the curve first falls steeply, then runs about 
horizontally, falls again and rises a little at the end. Whether 



Fio. 4. Ethjsr on Chahcoal 

1, Keyes; II, Lamb and Coolidge; III, Pearce and Lloyd McKinley 

the horizontal part is real, in that — indeed remains constant 

dA 

during some distance, or whether the real course shows perhaps 
a minimum and a maximum, cannot be decided for the present. 

The latter course was found by Williams (85) for SO 2 on blood 
charcoal at — 20°C. in an investigation which he continued until 
the saturation pressure of SO* was reached; the curve then ends 
at the heat of condensation (figure 5). Many vapors of organic 
liquids show a similar behavior (see table 2 (Pearce and Lloyd 
McKinley) and table 3 (Gregg)). Also for CO* on charcoal 
Gregg (31) found that the curve after a flat miniTmiTn begins to 
rise again (see table 3) ; this rise however lies at a higher pressure 



HEATS OF ADSORPTION 


265 


than is usually investigated. Going further still, the curve is 
due to bend again, as the heat of condensation of CO* (0.11 calorie 
per normal cubic centimeter) is much lower. 

That the heat of adsorption is greatest for the gas first adsorbed 

is only relatively true. There are systems, where — rises first 

dA 

and does not decrease until afterwards. Cases where this was 
clearly found to be true are the following: 0* on charcoal (Garner 
and McKie, see table 6) ; H* on nickel containing thorium oxide 
(Fryling, see also Beebe and Taylor); H»0 on charcoal (Keyes 
and Marshall); while Gregg observed with N* and N*0 on char- 



Fio. 5. SOi ON Blood Charcoal at — 10°C. 


coal that the first — lies sometimes lower than the next one, but 

aa 

this difference is comparatively small. The charcoal used by 
Gregg was activated with N* containing 0.5 per cent 0*. 

The investigations of Garner and McKie and of Fryling are 
very important owing to the small concentrations used, and 
owing to the great differences in the heats of adsorption found. 

"V^th Garner the first value of — is one-fourteenth of the maxi- 

AA 

mum. The maximum values for the heat of adsorption of 0* on 
various kinds of charcoal, examined by Garner, are almost equal 
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(also nearly equal to the value found by Keyes and Marshall), but 
the concentration of the maximum differs. 

Curves with a maximum are also found for Hj with copper 
catalysts by Kistiakowsky, Flosdorf and Taylor, who however 
published only curves, without numerical data. They found that 
with an active catalyst Hj gives a curve with a maximum at a 
low concentration (figure 6, curve 1). If the catalyst has lost 
much of its activity by being heated for a long time at 250-300°C., 

the —curve has a much flatter form (curve 2); when the catalyst 
dA 

is poisoned by Os, we get curve 3. For CO with the same catalysts 
a curve was found which first descends and then shows a mini- 



Fig. 6. H2 on Copper Catalysts 

1 — catalyst very active; 2 — catalyst less active; 3 — catalyst poisoned 


mum at the same quantity of adsorbed gas which gives a maxi- 
mum in the Hs curve. 

If we compare the values for one gas on various kinds of char- 
coal, we see that in most cases only the initial values of — are 

AA 


strongly divergent. As a matter of fact, with each adsorbent 
the influence of its previous treatment is important for the first 
cubic centimeters of gas, but becomes less and less as more gas is 

adsorbed. If we calculate — over a large range of A (for in- 

AA 


stance, from p = 0 to p = 760 mm. Hg) the original condition of 
the adsorbent can be only faintly traced (see table 1.) 

When on the contrary we take the values for the first volumes 
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of gas admitted, there is a great difference. For charcoal, out- 
gassed at 600°C., Magnus and Kalberer have found 0.658 calorie 

(see table 4) for the initial — ; for the same charcoal, outgassed 

aa 

at 100°C., the value is 0.378 calorie. Foresti (24) has deter- 
mined the influence of the temperature of outgassing on the 
heat of adsorption of H* on nickel. The quotient of Q and A 
(between 0 and 760 mm. Hg.) decreases considerably at a lower 
temperature of evacuation. 

Lamb and Coolidge have worked with two sorts of cocoanut 
charcoal of a different activity. The activation was done by 
treating the charcoal with steam during some hours at a high 


TABI^i 1 

Adsorption of carbon dioxide on charcoal 


XNVBSfllTlGATOR 

TBMPEKA- 
TURB OP 
OUT- 
OASSINO 

AQ 

1 AA 

0 to 76 cm. 

KIND OF CHARCOAL 

Keyes and Marshall 

900°C. 

0.313 

French gasmask 

Magnus and Kalberer 

eoo^c. 

0.313 

Wood charcoal 

Favre 

7 

±0.311 

Various kinds 

Gregg (31) 

400“C. 

0.311 

Birchwood 

Titoff 

400‘’C. 

0.311 

Cocoanut charcoal 

Magnus and Kalberer 

100®C. 

0.308 

Wood charcoal 

Chappuis 

7 

0.304 

Evonymus europaeus 


temperature. As a measure of the activity the “service time” 
was measured, i.e. the time during which the charcoal can retain 
all the poisonous gas, for instance chloropicrin, out of a mixture 
of air and poisonous gas of constant concentration and rate of 
flow. The relation between this service time (which is of great 
interest for charcoal for gasmasks, and about which many investi- 
gations have been made) and the further properties of a charcoal 
is not simple. On the other hand, the investigation of Lamb and 
Coolidge shows that the heat of adsorption is almost independent 
of a change in the activity. 

The influence of the temperature on the heat of adsorption has 
been examined by Gregg (31) (see table 3), who measured SO* 
and N»0 on charcoal at many temperatxires. Also by comparing 
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the results of Dewar, who worked at — 183°C., with those of Titoff 
and Whitehouse, and by comparing the measurements of Lamb 
and Coolidge at 0°C. with those of Pearce and Lloyd McKinley 
(see table 2), who worked at 25°C., some knowledge may be ob- 
tained concerning the influence of the temperature on the heat of 
adsorption. 

In these cases it appeared that the heat effect was greater at 
a higher temperature. Recent investigations however lead to 
another result. Magnus and Giebenhain (table 4) find for CO* 
on charcoal and on SiO* a smaller integral heat of adsorption at 
25°C. than at 0°C. Kalberer and Schuster (table 7), who measured 



Fig. 7. Change op the Heat of Adsorption op Oj on Charcoal with T at 

Constant A 

the heat of adsorption of CO* on SiO* at 0°C. and at 75°C., find 

that for high concentrations — is greater at O^C., but they sup- 

dA 

pose that at a small A the opposite will be true. 

For O* on charcoal Garner and McKie give a graph for the 

relation between — at constant concentration and temperature 
dA 

(figure 7). There is a range of temperature between 100°C. and 
2{)0'’C. where the heat of adsorption remains constant; afterwards 
it rises again. Whether this is a special case, or whether it is a 
general phenomenon, is unknown. It is true that we often find 
in the literature the opinion that the temperature coeflScient of 
the heat of adsorption should be very small, although this has 
never been proved. 

The investigation by Keyes and Marshall of HjO on charcoal 
is remarkable not only because of the shape of the curve found, but 
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also becaiise the heat of adsorption (from 0.38 to 0.47 calorie) 
is smaller here than the heat of condensation, which amounts to 
0.487 calorie per normal cubic centimeter. Usually the heat 
of adsorption is much greater, especially with vapors of organic 
substances on charcoal. For benzene the heat of evaporation is 
0.348 calorie at 0°C., the heat of sublimation 0.476 calorie, and 
the heat of adsorption on charcoal more than 0.6 calorie per 
normal cubic centimeter. Consequently the heat of wetting of 
charcoal with benzene and other organic liquids must be positive, 
and that of charcoal with water negative. Gaudechon, working 
with benzene on sugar charcoal (dried at 100°C.) found a heat of 
wetting of 4.2 calories per gram of charcoal. Gurvic obtained on 
bone black 11.1 calories per gram. The charcoal used by Lamb 
and Coolidge, which had been evacuated at 350°C., adsorbs 
more than 100 normal cubic centimeters of benzene per gram on 
saturation at 0°C. ; this should give therefore a heat of wetting of 
at least 25 calories. 

For carbon disulfide the relation is analogous: Gaudechon 
finds 4.0 calories per gram of sugar charcoal; Gurvic finds 13.9 
calories per gram of bone black, and at least 150 X (0.505 cal- 
ories —0.305 calories) = 30 calories per gram is calculated. 
(We assume that 150 normal cubic centimeters is adsorbed at 
0°C. and that the heat of condensation of CS» is 0.305 calories per 
normal cubic centimeter.)* 

Hence it is clear that unless the same charcoal, evacuated at 
the same temperature, is used, such comparisons are not justified. 
For HjO this is still more important; here Gaudechon finds 3.9 
calories per gram of animal charcoal, Gurvic and also Harkins 
and Ewing find 18.5 calories per gram of bone charcoal and Katz 
finds 20.9 calories per gram of animal charcoal. With the excep- 
tion of Gaudechon, all used charcoal with a lar^ ash content 
(investigations with ash-free charcoal have not been made); 
Keyes made his charcoal free of ash save for 0.36 per cent. The 
influence of this, especially for HsO adsorption, will be discussed 
later on. 

* In recent investigations Bartell and Ying Fu publish a heat of wetting of 32.7 
calories for benzene on charcoal and of 31.2 calories for carbon disulfide on char- 
coal. 
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All of the experiments with water on charcoal have given a 
positive heat effect; on sand, however, such is not the case. 
Jungk, Schwalbe, Bellati and others observed a lowering of tem- 
perature when well-dried river sand at 0°C. was wetted by water. 
The effect was always small and has never been determined 
quantitatively. 

In an investigation by Parks, various sorts of SiOj of very 
different specific surfaces were wetted by H 2 O. Parks was able to 
determine the diameter of the particles microscopically and to 
calculate the surface from this. He found that the heat liberated 
per square centimeter of surface was constant. 

This explains at the same time, why the values obtained with 
various sorts of charcoal vary so widely — namely, because the 
inner surfaces of charcoals are so different. 

The vtdues, expressed in joules, of the heats of adsorption of the 
following substances are given in the International Critical Tables, 
Vol. V, pp. 139-143: charcoal as adsorbent — air, NHj, A, CoHe, 
CO*, CS*, CO, CCI 4 , Cl,, CHCls, CCl,NO*, CiHsOH, CjHsBr, 
C,H5C1, (C*H5)*0, HC00C*H5, C*HJ, H„ HBr, HCl, HI, CH 4 , 
CH,OH, CH 3 CI, N*, N, 03 , O*, so,, H,0; SiO, as adsorbent— SO,, 
H®0; meerschaiun as adsorbent — NH,, CH 3 OH, SO,; Ni as ad- 
sorbent — CO,, CsH,, C,H 4 , H,; Cu as adsorbent — H,; Pt as 
adsorbent — H,, O,. In tables 2 to 8 the values of the heats of 
adsorption are expressed in calories. Unless otherwise indicated, 
A is given in normal cubic centimeters. In the case of vapors 
condensing at normal temperature and pressure, 1 normal cubic 
centimeter (1 ncc.) means 1/22,400 gram-molecule. In the fol- 
lowing alphabetical summary of the substances whose heats of 
adsorption are given in tables 2 to 8, the figures refer to the tables; 
the letters to the sections of the tables: 


Charcoal as adsorbent 


(CHi)iCO 

C«Hi 

CiH. 

COi 

CSf 

CCI 4 

CHCl* 

C*H« 

2A 

3A 

21 

3D, 4A 

2C 

2E 

IQI 

3C 


CtHiCl 

C,H4 

(C*H.)«0 

CHiOH 

CiHtCI 

NiO 

Oi 

SOa 

2F 

3B 

2B 

2H 

2G 

3E, 3F 

6, 6A, 6B 

3G, 3H 
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Other adaorbents 


\ 

ADSOBBSNT 

QAB 

NHl 

A 

COi 

C1H4 

Ht 

Ni 

SiO, 


7A 

4B, 7D 

7C 


7B 

Ni 

SB 




SB 


Cu 

8A 






Fe 

8C 
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TABLE 3 

Heats of adsorption of gases on charcoal from birchwood activated during three hours 
at 600^C. and outgassed at 400 ^C. 


oBBoa (31) 


V 

mm. 

from to 

A 

ncc. 

Q, 

oalories 

AQ 

AA 

calories 

p 

mm. 

from to 

A 

noc. 

calOTies 


A. C,H, at 0°C. 

F. N2O at 40.35^0. 

0 - 3.44 

3.44- 10.8 
10 8 - 25.8 
25 8 - 64.4 
64.4 -198.6 
198.6 -822.2 

6.99 

14.07 

22.14 

32.90 
47.67 

64.90 

2.87 

5.61 

8.36 

12.05 

17.8 

23.4 

0.411 

0.387 

0.340 

0.343 

0.388 

0.329 

0 - 46.6 

46.6 -153 

153 -293 

?93 -718 

7.97 

17.1 

24.5 

38.5 

3.05 

6.38 

9.04 

13.93 

0.382 

0.366 

0.358 

0.349 

G. SO, at O’C. 

The charcoal had been activated at 
800°C. (during 4 hours) and outgassed 
at 400°C. 

B. C2H4 at 0®C. 

0 - 1.18 
1.18- 6.64 
6.64- 32.6 
32.6 -119 

119 -897 

4.27 

13.04 

25.90 

38.66 

55.75 

1.54 

4.49 

8.26 

11.86 

16.5 

0.360 

0.336 

0.293 

0.282 

0.273 

0 - 0.43 
0 43- 1 33 
1.33- 8.61 
8 61- 25 0 
25 0 - 93.1 
93 1 -258 

258 -838 

10 8 
27 2 
56.9 
72.7 
86 0 
93.4 
102.2 

5.69 

13.6 

26 6 

33 3 
39.9 

43.6 
47.0 

0.528 

0.480 

0.440 

0.421 

0 499 
0.495 
0.392 

C. C,H, at 0°C. 

0 - 1.91 
1.91- 6.10 
6.10- 29.3 
29.3 - 74.8 
74 8 -434.5 

7.49 

16.45 

35.26 
46.05 

62.27 

3.20 

6.78 

14.13 

18.1 

23.9 

0.427 

0.399 

0.391 

0.370 

0.359 

H. SOj at 40.35®C. 

The charcoal had been activated at 
600®C. (during 3 hours), had been used 
for adsorption of CO, and then had 
been outgassed at 150®C. 

D. COi at 0°C. 

0 - 2.88 
2.88- 8.53 
8.53- 21.8 
21.8 - 44.7 
44.7 - 93.1 
93.1 -405 

8.69 

16.0 

32.2 

43.5 

54.6 
71.5 

6.88 

12.16 

20.2 

26.4 

32.0 

39.7 

m 

0 - 6.98 

6.98- 97.5 
97.5 -661 

661 -813 

813 -964 

4.63 

26.08 

57.31 

60.57 

63.13 

1.63 

8.34 

17.6 

18.7 
19.9 

0.351 

0.299 

0.296 

0.335 

0.363 

E. N,0 at O^C. 


0 - 5.2 

5.2 -118 

118 -168 

168 -483 

483 -728 

5.41 

33.4 

38.9 

57.0 

64.0 


0.351 

0.339 

0.292 

0.282 

0.313 
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TABLE 4 

Heats of adsorption of carbon dioxide 
A. On wood charcoal 


Charcoal outgassed at 600°C. 

Charcoal outgassed at 280®C. 

MAGNUS AND KALBKRBR 

MAGNUS AND GISBSNHAIN 

P 

mm. 

from to 

A 

noo. 

oalOTies 

AQ 

aa 

calories 

P 

mm. 

from to 

A 

ncc. 

0 

calories 

aQ 

Ail 

calories 

CO 2 at 0°C. 

CO 2 at 0°C. 

0 - 0.0765 

0.31 

0.172 

0.558 

0 - 0.232 

0.273 

0.101 

0.368 

0.076^ 0.484 

0.99 

0.465 

0.431 

0.232- 0.413 

0.467 

0.171 

0.362 

0.484 - 0.938 

1.54 

0.681 

0.386 

0.413- 0.742 

0.809 

0.293 

0 358 

0.938 - 2.38 

2.81 

1.143 

0.366 

0.742- 1.641 

1.62 

0.576 

0.349 

2.38 - 18.3 

10.4 

3.680 

0.336 

1.641- 2.329 

2.22 

0.786 

0 348 

18.3 -150 

32.7 

10.57 

0.308 

2.329- 6.800 

5.03 

1.736 

0.338 

150 -521 

50.6 

15.92 

0.299 









COj at 25'C. 






0 - 0.517 

0.184 

0.063 

0.340 





0.517- 0.867 

0.300 

0.104 

0.351 





0.867- l.m 

0.626 

0.216 

0.344 





1.905- 4.015 

1.28 

0.431 

0.330 





4.015- 6.300 

1.92 

0.645 

0.332 





6.300-13.300 

3 56 

1.181 

0.327 


B. On silica gel outgassed at 350°C. 


MAGNUS AND GIBBENnAIN 


CO 2 at 0°C. 

CO 2 at 25°C. 

0 - 0.630 

0.100 

0.0330 

0.330 

0 - 1.350 

0.0716 

0.0222 

0.310 

0.630- 1.300 

0.204 

0.0673 

0.330 

1.350- 4.746 

0.252 

0.0783 

0.310 

1.300- 8.70 

1.24 

0.403 

0.322 

4.746- 19.15 

0.942 

0.285 

0.300 

8.70 - 36.40 

4.39 

1.392 

0.314 

19.15 - 55.90 

2.58 

0.783 

0.304 

36.40 - 92.50 

9.08 

2.836 

0.308 

55.90 -122.10 

5.00 

1.488 

0.291 
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TABLE 6 

Heats of adsorption of oxygen at on wood charcoal outgassed at 1000^ 


MARSHALL AND BRAMBTON COOK 


p 

mm. 

from to 

A 

DOC. 

1 calories 

AQ 

AA 

calories 

0 

0.0305 

0.119 

3.902 

0 

0.0907 

0.324 

3.400 

0 

0.1902 

0.647 

3.246 

0 

0.3405 

1.095 

2.981 

0 - 0.05 

0.4973 

1.575 

3.061 

0.05- 0.40 

0.7930 

2.409 

2.820 

0.40- 6.85 

1.221 

3.009 

1.402 

6.85- 20.25 

1.783 

3.609 

1.068 

20 25- 43.50 

2.493 

3.840 

0.325 

43.50-128.2 

4.823 

4.472 

0.271 

128.2 -259.0 

7.757 

5.072 

0.204 

259.0 -374 0 

10.147 

5.521 

0.188 

374 0 -513.9 

12.513 

5.963 

0.187 


TABLE 6 

Heats of adsorption of oxygen 

A. On adsorbent charcoal ^^Norit/^ purified and activated at 950*^0. 


Temperature 

from 

A 

ncc. 

to 

AQ 

aA 

Calories 

20°C. 

0 

— 

0.25 

3.12 

57°C. 

0 

- 

0.16 

4.04 

97°C. 


- 

0.18 

4.82 

150°C. 


- 

0.17 

5.09 

200°C. 


- 

0 17 

5.18 


B. Adsorbent: same as in A 


OARNER AND MC KIE 


18“C. 

0.0022 0.013 ncc. 

0.223 


0.09 

2.68 


0.18 , 

2.77 


0.22 

3.12 


0.27 

3.17 


0.34 

3.17 






TABLE 7 

Heats of adsorption of various gases on silica gel 

KALBXBBB AND BCHD8T1CB 


mm. 

from to 

A 

noc. 

calories 

AQ 

aa 

calories 

A. Argon at 0®C. 

0 -103.9 

0.25 

0.0322 

0.129 

103.9-206.9 

0.47 

0.0670 

0.158 

206.9-500.5 

1.09 

0.178 

0.179 


B. N, at 0°C. 


With N2 on Si02 at 0®C. curves are found, which rise with increasing A. With 
various samples of Si02, which are different in structure, the values found diverge 

AQ 

very much. With one sample — rises from 0.047 to 0.152 calories when A in- 


AA 


AQ 


creases from 0 to 1.16 cc. ; with another sample —7 rises from 0.064 to 0.134 calories. 

AA 


C. C2H4 at 0‘^C. 


AQ 

With C2H4 at 0®C. the values of -7 differ much for various samples of the gel, 

AA 


AQ 

but — 7 always falls with increasing A, e.g. : 
AA 


With sample I from 0.296 to 0.270 calories. 
With sample II from 0.321 to 0.301 calories. 
With sample III from 0.336 to 0.306 calories. 


D. CO2 at 0°C. and at 75°C. 


With CO2 at 0°C. curves of different types are found, according to the previous 
history of the gel. Whether the gel had already previously adsorbed CO2, or 
even N2, appeared to be especially important. In the case of a gel which had not 


AQ 

yet been used for adsorption, — 7 increased with increasing A from 0.280 to 0.354 

AA 


calories. Also in other cases — varies between these values, but the shape of 

AA 

the curve at small concentrations is often quite different. 


With CO2 at 76®C. the following curve was found: 


V 

mm - 

from to 

A 

ncc. 

cal^ies 

AQ 

AA 

calories 

0 - 40.6 

0.47 

0.245 

0.521 

40.6-117.5 

1.15 

0.494 

0.366 

117.6-230 

2.33 

0.790 

0.251 

230 -369 

3.59 

1.106 

0.251 
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TABLE 8 

Heats of adsorption of NH$ at O^C. on catalysts 


DIW ANDTATIiOB 


p 

mm. 

from to 

A 

noo. 

calwieB 

40 

AA 

calories 

A. Adsorbent: Cu, from Kahlbaum’s “brown label” CuO, i 

at 140“C. 

reduced for 22 days 

1 

o 

0.20 


0.412 

165 -760 

0.50 


0.297 

B. Adsorbent: Ni, from the nitrate, heated at 300°C. and reduced for 60 (ilays at 

300®C. The value of Q/A for Hi on this catalyst at 0®C. is 0.668 calorie. 

0 -62.5 

0.22 

0.112 

0.508 

62.5-212 I 

0.34 

0.165 

0.423 

212 -465 

0.45 1 

0.205 

0.352 

465 -759 

0.57 

0.235 

0.266 


C. Adsorbent: Fe, from the nitrate, heated and reduced for 30 days at 460‘’C. 


0-16 

0.153 

0.107 

0.696 

16 -102.5 

0.275 

0.158 

0.426 

102.5-368 

0.376 

0.203 

0.437 

368 -756 

0.466 

0.235 

0.357 


III. CALCULATION AND CALCULATED VALUES OF THE ISOTHERMAL 
HEAT OF ADSORPTION 

Let there be given a volume, closed by a piston, in which one 
gram of adsorbent, e.g. charcoal, is in equilibrium with a gas at 
pressure p and temperature T°. Let the amount of adsorbed 
gas be a gram-mols, of non-adsorbed gas a! gram-mols. Let the 
thermodynamic potential of the charcoal with the adsorption 
layer be Z; then Z depends on T, p and a. Let the thermody- 
namic potential of the unadsorbed gas be Z'. Then Z' = a' f 
(T. p), where f represents the thermodynamic potential of 1 
gram-mol of gas and therefore depends on T and p. At equilib- 
rium at constant p and T the thermodynamic potential is a 
minimum, therefore 

«(Z + “ 0. 
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Since 


consequently 


ha = — 5a, — 

ha 


5Z' 

ha!' 


h^ 

ha' 


t (T. p) 


^ = r (r. p) ( 1 ) 

Sa 

By pushing in the piston, a is increased by Aa, and the amount of 
heat aQ is liberated; the entropy of gas and charcoal decreases. 
If H' represents the entropy of the gas, and H that of the char- 
coal with the adsorption layer, the change of entropy is 

- A(H + H') = ^ 


The pressure is increased by ^ Aa and the change of a' is 


Then: 


Aa' = — Aa. 


I ^ -AH - AH' 

T Aa Aa Sa Sp Sa Sa' Sa Sp Sa 

ha ha' hp ha hp ha 


If ri represents the entropy of 1 gram-mol of gas, we may write 

H' = o' , (T. p) 


therefore. 
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Since if — 


we may write: 


m' K ^ sH' , «»f 

— T = — and — = — « _ 

Sa' ST Sp ST Sp 


Also: 


a *1. f 

ff therefore — 

ST’ Sa 


M , SH 
— — and — 
Sa ST Sp 


PZ 

Sp ST' 


Substituting this in equation (2)i 


lAQ PZ if PZ Sp , pi: Sp 
T £m“ Sa ST ST ^ ^ ST Sa"^ ^ Sp ST Sa 


( 3 ) 


For two states of equilibrium with the same a but different values 
of p and T, the total change is: 


PZ „ , PZ 

— jT ^ jp 

Sa ST Sp Sa 


if .r -I. 


or 


PZ sc ss: Sp PZ Sp 
Sa sT ST “ Sp ST ~ Sp Sa ST' 

Substituting this in equation (3) : 

i + ' g*f «P , ^ _ 8*g Sp^ 

T Aa “ Sp ST ^ ST Sp Sa'^ Sp ST Sa Sp Sa ST ^ ^ 

In the case of an ideal gas: 

f = RT In p - C,T la T + aT + fi, 

when C, is the specific heat at const|).nt p, and a and fi are con- 
stants. From this it follows that: 
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Substituting this in equation (4) and, for the sake of clearness, 
using instead of ^ etc., the equation becomes 

• - (4?^). - - i © ©. - i (I) (4 


Both of the last terms on the right hand side are negligible, since 
the direct influence of the pressure on a solid is very small. This 
holds here also, because the dependence of a on p is explicitly 
taken into account. We can imagine the direct influence of the 
pressure (at constant a) most clearly by assuming an indifferent 
gas, which is not at all adsorbed. Then a and p can be varied 
independently, and the influence of p on the condition of the 
solid is not measurable. The meaning of both terms can be 
seen clearly as follows: 


^ ^ jL ± 

hp da Sa Bp Ba 


if F represents the volume of the charcoal with the adsorption 
layer. The increase of this volume at greater a is very insignifi- 
6 hZ h 

cant, as well as ^ ^ ^ F, the increase of this volume per 

1® rise in temperature at constant a. 


The second term on the right hand a!RT 


represents the 


heat due to compression of the unadsorbed gas. However a' is 
not constant, but the sum a + o' = J5 remains constant. 


«'B!r 




The heat, due to compression from pi (corresponding with Oi) up 
to Pj (corresponding with a*) is 


fm 


BRT 


p* 8 In ] 
Jai 


da - RT 



6 In a 
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If, according to Freundlich, the isotherms are represented by a 
formula a - ap-, in which a and - are constants, then = 
n and is therefore constant; and the heat of compression is 

BRT In - - RT n(o, - o,) 

Pi 

In order to estimate the importance of this term, we shall calcu- 
late it with data taken from Titoff’s study of NHj on charcoal at 
0°C. When the adsorbed gas is expressed in gram-mols, we 
write a, when expressed in norm^ cubic centimeters, we write A. 

Let Ai = 5.407 normal cubic centimeters, A» - 30.157 normal 
cubic centimeters, pi = 2.9 mm., and p» = 28.8 mm. In this case 

^ = 0.75, therefore n = 1.3. If 1 normal cubic centimeter re- 

mains unadsorbed, B = At + A' = 31.157 normal cubic centi- 
meters. From this we find that fdW = 0.95 calorie. 

The total heat effect, found by Titoff, was 12.16 calories; conse- 
quently 7.8 per cent of this should not be heat of adsorption, but 
should be attributed to compression. For a gas with a small heat 
of adsorption this error is still greater, for instance for N» at 
0°C. (Titoff) .4.1 = 0.258 normal cubic centimeter, A» ~ 2.21 cc. 
and 0.8 cc. remains unadsorbed. pi = 10.7 mm., p* = 91.6 mm., 

^ is 0.98, and therefore n = 1.02. Then B = 3.01 cc. From this 
n 

fdW is calculated to be equal to 0.109 calorie. The total heat 
effect, observed by Titoff, was 0.507 calorie; therefore 21.5 per 
cent of this quantity should be heat of compression. 

However, this derivation of the isothermal heat of adsorption 
does not quite correspond with the experiments. In reality the 
increase of pressure does not take place by moving a piston, but 
by admitting gas at a higher pressure. Hence in the first place 
+ il' is not constant, and secondly we do not know exactly 
what really happens on the admission of gas. Possibly we get at 
first compression of the gas already present in the apparatus, and 
afterwards expansion of the remaining unadsorbed quantity; 
this depends on the ratio between the rate of admission of the 
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gas and the rate of adsorption. For this the heat effect cannot be 
calculated; probably the error caused by the heat of compression 
will be much smaller than has been calculated above. The 
estimation was only for the purpose of demonstrating that the 
heat of compression is not necessarily negligible with respect to 
the heat of adsorption. 

Therefore 



the equation which also applies to the heat of evaporation. This 
whole derivation is of course applicable also to the heat of 
evaporation, if we replace the charcoal by liquid. Both terms 

with(j^ 

the liquid. This term also appears in the formula of Clausius- 
Clape 3 rron for the heat of evaporation; if r is the heat of 
evaporation 

*• ... dT 

»i — dp’ 

when Vi and Vt represent the specific volumes of vapor and liquid; 
here vt, being small compared with Vi, is also usually neglected. 

Over a restricted range of temperature and pressure, equation 
(6) becomes 

dQ T, , p, 

dA Ti — T 2 pz 

Here pi and pt are the equilibrium pressures at the same A at Ti 
and Ti. 

The tables in and at the end of this chapter are always calcu- 
lated in such a way that for a value of A, for which pi and Ti are 
given, the corresponding pz is sought at T* by means of graphical 
interpolation in the isotherm. Consequently only one graphical 
interpolation is necessary for each calculation, and the arbitrari- 
ness attached to an interpolation, especially in a curve in which 
the given points are situated far from each other, becomes as small 
as possible. 


bZ 

j, become 0, and — is then the change in volume of 
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Complete agreement between values found and those calcu- 
lated cannot be expected. If gas is adsorbed without any heat, 
due to external work being given to the calorimeter, the value 
calculated ought to exceed the value found with RT. Usually 
this is not the case. 

There are still other causes, which may explain the difference 
between the values found and those calculated, 
r 1. If gas is adsorbed by a charcoal, which has been evacuated 
at a high temperature during a long time, the adsorption of the 
very first quantity is often an irreversible process. This is always 
the case when the gas cannot be recovered completely at the same 
temperature but remains bound to the adsorbent; then the deriva- 
tion given above is no longer correct. 

2. If the charcoal is not completely outgassed, but still contains 
small quantities of air, and a strongly adsorbable gas is admitted, 
the latter will displace the air from the charcoal. Owing to the 
liberation of this quantity of air, the total final pressure is higher 
than the partial pressure of the adsorptive; it appears therefore 
that a quantity smaller than the real one has been adsorbed, this 
quantity being determined by the difference between the ad- 
mitted and the unadsorbed gas. For this reason the heat per 
normal cubic centimeter of gas seems higher than it really is. 

However, the heat of desorption of the air driven out must be 
subtracted from the heat of adsorption of the gas. Therefore the 
error will be important only when the gas has a heat of adsorption 
much higher than that of air. 

If we calculate the heat of adsorption from isotherms deter- 
mined on charcoal which is not completely outgassed, and suppose 
that the same quantity of air is driven off at Ti and Ts, and that 
the apparatus has the same volume, it is necessary to subtract 
small amounts, which are in the proportion of Ti'.Tt, from 
Pi and Pi. The ratio pi'.pt being much higher than Ti’.Tt, the 
denominator of the fraction is diminished relatively more, hence 
the fraction becomes larger; in other words, the real heat of ad- 
sorption is greater than the heat calculated, or the calculation 
gives a value which is too low. 
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When working at pressures where the gas laws are not appli- 
cable, the experimental as well as the calculated values are found 
to be too low. The density of a gas is greater than has been 
calculated from the pressure; at definite p there is consequently 
less gas adsorbed than expected. Since the heat per cc. of gas is 
greater than we think, the experimental value is too low. The 
calculated value is also too low, the isotherm at high pressures 
being lower than the value found. The real A will therefore 
correspond to a greater p than that found. Because of the shape 
of the isotherm, the deviation from the gas laws is less important 
at Pj which is smaller and lies at a lower T. Therefore the result- 


ing values for — and ^ are too low. 
p* dA 


The error depends on the 


so-called “dead volume” of the apparatus, but will be unimportant 
in most of the cases with respect to RT. Many investigators in 
fact take these deviations into account. From the examples it is 
evident that, taking everything into consideration, the agreement 
is satisfactory. As RT per normal cubic centimeter amounts to 
0.026 calorie at 10°C., we may therefore expect this difference, 
and the use of the third decimal place is not justified when com- 
paring values found with those calculated. However, the third 
decimal may be important in relation to the general shape of a 
curve. 


Example I. COj on charcoal (Titoff). ^ is calculated from isotherms at 

O’C. and SO^C. is measured at 0“C. 

AA 


A 

ncc. 

p at 0®C. 
calculated 
mm. 

p at 30®C. 
mm. 

dQ 

dA 

calculated 

calories 

AQ 

AA 

calories 

Found 

ncc 

at A 

1.82 

1.2 

5.3 

0.363 

0.345 

0 

to 

2.3 

4.02 

10.3 

3.6 

14.2 

14.7 

50.7 

0.344 

0.311 

1 0.324 

2.3 

u 

11.3 

19.72 

41.8 

138.5 

0.293 


11.3 

i< 

22.6 

28.87 

89.6 

283.3 

0.281 


22.6 

u 

33.4 

34.07 

122.5 

398.9 

0.288 





38.14 

155 

498.1 

0.285 

\ 0.294 

33.4 

ti 

43.9 

41.4 

189.4 

621.8 

0.290 

1 




44.9 

234 

758.6 

1 0.287 

0.292 

43.9 

ti 

50.8 
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Example II. Methyl alcohol on charcoal. ^ is calculated from isotherms at 

aA 

0°C. and 33.3®C. by Coolidge (12). ^ is measured at 0°C. by Lamb and Coolidge. 


A 

ncc. 

V at 0*C. 
c^oulated 
mm. 

p at 33.3"C. 
mm. 

dQ 

dA 

calculated 

calories 

AQ 

AA 

calories 

Found at A 
noe. 

29.7 




0.619 

0 to 21.7 

65.4 

0.33 

4.1 

0.563 1 

0.553 

0.542 

21.7 47.4 

47.4 75.3 

126.5 

1.18 

12.9 

0.533 

0.524 

75.3 « 127.4 


Example III. Ethyl formate on charcoal. — from isotherms of Coolidge (12) 

aA 

at 0°C. and 44.8°C. ^ is measured at 0°C. by Lamb and Coolidge. 


i 

A 

ncc. 

p at 0*C 
c^culated 
mm. 

p at 44 .8*0. 
mm. 

dQ 

dA 

calculated 

calories 

aQ 

AA 

calories 

Found at A 
ncc. 

59.2 

0.060 

2.08 

0.607 

0.598 

32.3 to 62.9 

76.2 

0.25 

6.00 

0.551 

0.580 

62.9 “ 96.7 

95.5 

1.10 

26.7 

0.549 

0.568 

96.7 “ 120 

122.8 

23.5 

477,6 

0.519 




Even in those cases where different investigators use a different 
kind of charcoal the results agree fairly well. The agreement 
between the values for Ns on charcoal, measured by Titoff, and 
those calculated from his isotherms is even worse than that 

between^ and-^ for different charcoals, as shown in example IV. 
dA aA 

Example IV. Nt on charcoal. ^ is calculated from isotherms on cocoa- 


nut charcoal at O’C. and 9.3°C. determined by Miss Homfray. ~ is determined 
by Gregg (31) at 0°C. on birchwood charcoal. 


A 

ncc. 

p at 0*C. 
calculated 
mm. 

P at 0.3-C. 
mm. 

dQ 

dA 

calculated 

calories 

AQ 

\ aa 

\ calories 

i 

Found at A 
ncc. 

1.5 

68 

89 

0.198 

0.195 

0 

to 3 

3.5 

4.6 

171 

236 

216 

316 

0.171 

0.214 

0 

1 

3 

« 5.5 

5.6 

294 

386 

0.200 

0.205 

5.5 

** 7.7 

8.1 

473 

624 

0.203 

0.210 

7.7 

« 13.5 















286 


H. R. KRTJYT AND JOHANNA G. MODDERMAN 


Example V. HjO on charcoal. ^ is calculated from isotherms at O^C. and 

aA 

20°C. on sugar charcoal, determined by Coolidge (14). ^ is measured by Keyes 


at 0°C. on charcoal of French gasmasks. 


A 

ncc. 

P nt 0"C. 
calculated 
mm. 

p at 20“C. 
mm. 

dQ 

dA 

calculated 

calones 

AQ 

AA 

calories 

Found at A 
ncc. 

0.41 

0.23 

0 76 

0.423 



1.49 

0.78 

2.85 

0.459 

0.381 

0 to 20.6 

4.21 

1.4S 

5.5 

0.465 



16.3 

1 85 

7.2 

0.481 [ 

0.474 

20.6 “ 60.7 

191 

2 77 

11.6 

0 507 \ 

0.472 

60.7 “ 102.1 

198 

3.20 

13.2 

0.502 [ 

0.467 

102.1 “ 143.8 

208 

4.00 

16.8 

0.508 




When comparing calculated values with those found on various 
t3rpes of charcoal, we must recall the curves for ether in figure 4. 



Fig. 8. Argon on Charcoal 


Also from the above example of HjO on charcoal it is evident that 
the general shape of the curve calculated is the same as that of 
the curve found. This however does not mean that at the same 


A the same ^ appears in both cases. 
aA 


In fact, this cannot be 


expected; for the quantities taken up by various charcoals at 
saturation with a vapor differ very much. Since the inner 
surfaces and inner volumes of the charcoals are different, at the 
same A the relative saturation is quite different. If the capacity, 
C, of the charcoal is the quantity taken up at the saturated pres- 
sure of the adsorptive at a certain temperature, we should com- 


pare values of ^ at the same or at the same p, but not at the 
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same A. Up to the present this is hardly possible, because the 
investigators who determine the heat of adsorption usually do 
not measure the pressure at all, or at most very inaccurately. 

From the calculated values conclusions can now be drawn as 
to the influence of the temperature. In some cases this is very 

simple. With argon on charcoal (figure 8) or with H* the ^ 


against A curves are nearly straight, and lie higher at increasing 
temperatures (see tables 9A and lOD). At constant A, ^ in- 
creases much more rapidly than the absolute temperature, at 



Fig. 9. Nj on Cocoanut Charcoal at Four Temperatures (Calculated from 

Titoff's Isotherms) 


least below 250° K. At A = ±50 normal cubic centimeters, 

/If) 

for argon is 0.025 calorie per normal cubic centimeter at 


114°K, 0.083 calorie at 170°K and 0.161 calorie at 215°K. (The 
temperature mentioned is always the average of that of both 


isotherms, from which the values are calculated.) 


dQ 

dA 


is here 


approximately proportional to the third power of the absolute 
temperature, and to the second power at higher temperatures. 

With gases which are adsorbed more strongly the relations are 
more complicated. Such is the case with Na on charcoal (fig- 
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ure 9) . A calculation from Titoff’s isotherms gives for the heat of 
adsorption, at 233®K as well as at 328°K and 378°K, curves, which 
after an initial rise, at larger values of A approach a constant 
value which is higher for higher temperatures (see tables 9C and 
1 OA) . The form of these curves when A is very small is unknown. 

It is possible that — lies much higher at A = 0 but falls steeply 
dA 

to a minimum and then rises again. Only then does the course 
discussed above set in. This at least is the shape of the curve 
which Polanyi and Welke calculated for SO» on charcoal. They 
determined the isotherms for very small values of A at 0°C. and 
at 5,3°C. on charcoal which had been evacuated during 30 days 
at 750°C. The curve for the heat of adsorption calculated from 
this has a sharp minimum at A = 0.33 cc. (see figure 10), and the 




Fig. 10. SOa on Charcoal at 2.5®C. and Vert Small Concentrations 
(Dotted line = heat of condensation of SO*) 


value of — in the minimum is lower than the heat of condensation 
dA 

of SO 2 (which is shown in the figure by a horizontal line). If the 
investigation had not been extended to very low concentrations, 
one would get the impression that this curve was of exactly the 
same t 3 ^e as that for N* on charcoal. 

From the figure for N* it appears that at greater values of A 
the curves lie higher at a higher temperature, but that at small 
values this is not at all the case. That the temperature coeffi- 
cient for the heat of adsorption may have a different sign when 
determined at different concentrations, is still more evident from 
the cmves for ether on charcoal, calculated from the very accurate 
measurements of Goldmann and Polan 3 d (figure 11 and tables 
1 1 A and 12C) . The shapes of the curves at 266°K and 283° K are 
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about the same (fiat minimum, sharp maximum, then steep de- 
chne to about the heat of condensation of ether), but at a higher 
temperature the curve is shifted to the left and somewhat upward. 
As the curves intersect twice, the sign of the temperaturte coeffi- 
cient changes twice. Other vapors, such as n-pentane (see figure 
14), and ethyl chloride (table 11) etc., show an analogous behavior. 
For NH,, calculated from Titoff’s isotherms (table 10) only the 
shifting to the left is noticeable, as at greater values of A no 
pressures are measured; from the isotherms of Richardson the 
difference in height is also evident (see figure 11 and table 13). 



Fia. 11. Ethbr on Charcoal (Calculated from Goldmann and Polanti). 
NH| ON Charcoal (Calculated from Richardson) 

The scale is different for the two gases. 

For COj it is striking that both Titoff’s results (table 10) and those 
of Richardson (table 13) show how much lower the heat of adsorp- 
tion becomes at ± 235®K. When A - 20 normal cubic centi- 
meters (Titoff), ^ 0.299 calorie at 328®K, 0.293 calorie at 

dA 

288°K, and 0.140 calorie at 235°K. No infiuence of the critical 
temperature (304°K) is noticeable. 

With the calculation from isotherms on SiO* etc. nothing essen- 
tially new appears. The greatest range of temperatures has been 
examined here with SOs on SiOj by McGavack and Patrick (table 
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17). The curves calculated for the heat of adsorption remind 
one of those of Ns on charcoal. Here also we find at 206°K as 
well as at 363°K a curve which rises at the beginning, while on 
the contrary all the curves in the neighborhood of 280°K at once 
fall steeply. 

From the above it is evident that the curve of figure 7 for the 
relation between the temperature and the heat of adsorption of 
Os on charcoal at constant A is not at all an exception. For each 

value of A the dependence of ^ on T will have a somewhat 

dA 

different course. For many values of A there is a range where 
the heat of adsorption changes but little with changing T. How- 
ever, when approaching the temperature at which A is equal to the 

saturation quantity of the charcoal, begins to rise steeply with 

dA 

increasing T (see figure 11). At small values of A the temperature 
coefficient of ~ can be very great; in those cases no agreement 
can be expected between experimental and calculated values of 
when the temperature is not exactly the same. Yet such 
comparisons are often unjustly made. 

If we plot ^ against p instead of against A, we find parallel 

lines for ^ at different temperatures in those cases where the 
dA 

isosteres run parallel. For ~ is constant there ; at constant p the 

(mJ. 

heats of adsorption must then be proportional to T* (or at con- 
V 

stant — — to T). At small pressures and at pressures near satura- 
iCl 

tion such a regular course is, however, out of the question. 

In the following alphabetical summary of the substances, data 
concerning which are given in tables 9 to 19, the figures refer 
to the tables; the letters to the sections of the tables in which 
the data appear: 
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Charcoal aa adaorhent 


NHi 

A 

C.H. 

CO* 

CSs 

CO 

ecu 

CHCU 

GtHia 

CiH« 

IOC, 13B 

9A 

12B 

OE, lOB, 
13A 

IIB, 12E 

9F 

12H 

12G 

IID 

OD 


(CiHeUO 

HCOOCsH* 

H. 

CH4 


CHiOH 

N* 

C*Hu 

HiO 


llA, 12C 

121 


9B 

12F 

12D 


lie 

12A 



Other adsorhenia 


OAB 


AD80BBJBNT 

CiH, 

C 4 H 10 

CO* 






N*0 

80* 

SiO, 


14 

15A 





16 

15B 

17 

SnO* 

19A 

19C 

19B 

19D 


Titania gel 

18A 


18B 
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Adsorption of gases on cocoanut charcoal 


A. Argon on cocoanut charcoal 


A 

HOC. 


15.8 
65.6 

76.9 


1.4 

5.1 

9.7 

15.4 
18.6 

24.0 
28.8 

39.4 

47.0 


11.9 
14.3 
17.1 

21.9 


1.6 

3.8 

5.1 

9.7 


0.9 

1.9 

2.9 


1.0 

2.0 

3.1 

5.2 


0.3 

1.3 


HOICFRAY 


at 


83*K 


4.6 

17.0 

37.9 


146*K 


4.0 

6.0 

12 4 

19.0 
25.6 

35.0 

44.2 

69.2 

86.4 


1«5*K 


70.6 

88.4 

111.2 

176.8 


1«4.7"K 


8.0 

19.0 

24.0 
54.2 


273*K 


51 

118 

175 


77 

155 

254 

454 


373“K 


38 

153 


p 

at 


145*K 


19.6 

42.8 

820 


194.7®K 


19.0 

24.0 
54.2 

98.4 

129.0 

218.0 

295.0 

564.0 

758.0 


236‘'K 


309.6 

417.0 
568.4 

815.0 


273'’K 


97.5 

230 

319 

727 


35rK 


291.6 

722.4 

868.0 


873*K 


123 

247 

403 

708 


465”K 


313 

626 


iA 

in ealoriea 
at 


114“K 


0.025 

0.016 

0.013 


170*K 


0.078 

0.070 

0.074 

0.083 

0.081 

0.092 

0.096 

0.106 

0.109 


216*K 


0.147 

0.154 

0.161 

0.152 


234*K 


0.150 

0.150 

0.156 

0.156 


312‘’K 


0.190 

0.197 

0.174 


3e2*K 


0.247 

0.246 

0.243 

0.234 


414°K 


0.387 

0.258 


B. CH4 on cocoanut charcoal 


A 

noc. 


11.8 

18.5 

24.6 
30.8 

33.7 


6.9 

17.8 

23.5 

26.4 

29.1 


6.9 

11.4 
14.1 
17.8 
30.7 

33.5 


2.4 

3.8 

6.3 

13.0 


2.4 

3.8 
6.3 

7.8 


p 

at 


36 

76 

132 

215 

270 


255“K 


33.6 

144.4 

228.8 

288.0 

362.0 


273'‘K 


67 

134 

191 

274 

358 

451 


293" K 


38 

66 

117 

318 


319"K 


92 

140 

278 

347 


265"K 


71.4 

153.4 

250.2 
412.6 

503.2 


273"K 


67 

274 

451 

578 

702 


132 

260 

362 

527 

685 

854 


319"K 


92 

140 

278 

676 


351" K 


184 

321 

556 

707 


' The pressure is always given in mm. of Hg. 
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dQ 

dA 

in calories 
at 


247.6"K 


0.247 

0.254 

0.231 

0.236 

0.225 


364"K 


0.236 

0.219 

0.232 

0.239 

0.227 


283"K 


0.240 

0.235 

0.226 

0.232 

0.230 

0.228 


306" K 


0.282 

0.239 

0.275 

0.262 


335"K 


0.215 

0.257 

0.215 

0.221 
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TABLE 9-^ontinuti 


C. Nt on coooanut charcoal 

D. CtH 4 on cocoanut charcoal 

R01CFRA.T 

ROMPBAT 

A 

noc. 

p 

at 

P 

at 

iQ 

iA 

in calories 
at 

A 

noo. 

B 

B 

El 


1M.7*K 

244.6*K 

220*K 


278*K 

29a*K 

S83*K 

3.9 

6.5 

9.4 

12.9 

17.1 

11 

20 

27.2 

37.6 

65.4 

75 

136 

236 

373 

573 

0.166 

0.166 

0.187 

0.198 

0.188 

36.7 

39.8 
46.4 

70 

93 

168 

177 

228 

426 

0.329 

0.318 

0.330 

• 

228*K 

819*K 

806*K 


24i.5*‘K 

278*K 

2S0*K 

19.2 
23.6 
35.5 

38.3 

31 

50 

160 

201 

88 

137 

444 

570 

0.332 

0.321 

0.325 

0.332 

3.9 

6.5 

9.4 

75 

136 

236 

197 

351 

500 

0.200 

0.197 

0.190 


3:9*K 

351*K 

335*E 


278*K 

282.3*K 

278*K 

19.2 

23.6 

28.0 

88 

137 

209 

260 

407.5 

639 

0.336 

0.338 

0.346 

1.5 

3.5 

4.6 

5.6 

8.1 


89 

216 

316 

386 

624 

■ 


3«1*K 

373*K 

882*K 

9.7 

12.7 

18.8 

81 

130 

250 

157 

237 

465 

0.349 

0.317 

0.327 



373*K 

405*K 

389*K 

11.8 

14.4 

17.3 

210 

297 

403 

477 

678 

887 

0.343 

0.345 

0.330 


405*K 

455*K 

480*K 

2.7 

5.3 

8.2 

70 

150 

288 

220 

475 

841 

0.374 

0.376 

0.350 


































































TABLE 9 — Concluded 


E. CO 2 on cocoanut charcoal 

F. CO on cocoanut charcoal 

HOMFRAY 

HOMFRAY 

A 

ncc. 

p 

at 

p 

at 

dQ 

dA 

in calories 
at 

A 

nco. 

V 

at 

p 

at 

dQ 

dA 

in calories 
at 


273°K 

293“K 

283‘’K 


194. 7“K 

239 4*’K 

217*K 

20.8 

25.9 

31.5 

37.8 

43.8 

59.2 

85.4 

120 

174 

235 

128 

186 

258 

374 

500 

0.273 

0,276 

0.271 

0.271 

0.267 

6.2 

17.1 

20.7 

27 A 

6 

30 

40 

72 

60 

267.5 

365 

635 

0.213 

0.199 

0.204 

0.201 


239.4*’K 

244.6'’K 

242"K 


293'’K 


306“K 

13.8 

19.2 

22.1 

25.0 

27.6 

184 

316 

420 

625 

645 

229 

382 

600 

635 

786 

0.222 

0.193 

0.177 

0.193 

0.201 

6.5 

12.7 

20.8 
25.9 
31.5 

29 

63 

128 

186 

258 

71 

168 

311 

446 

626 

0.285 

0.293 

0.283 

0.278 

0.282 


244.6“K 

273-K 

258 8"K 


319"K 

333‘*K 

326*K 

n 

18 

67 

104 

200 

255 

327 

73 

180 

304 

540 

713 

882 

0.290 

0.239 

0.222 

0.206 

0.213 

0.206 

15.0 

20.1 
24.7 

197 

294 

411 

304 

475 

726 

0.292 

0.322 

0.382 


319“K 

361“K 

336-K 

6.4 

9.4 
12.5 
15.3 

70 

121 

151 

200 

180 

268 

383 

503 

0.293 

0.246 

0.288 

0.286 


273"K 

293"K 

283‘'K 

2.5 

6.5 

8.4 

73 

180 

304 

135 

328 

650 

0.218 

0.213 

0.210 


SSl'K 

373”K 

362’*K 


293“K 

319 2'’K 

306 1“K 

1 

3.2 

4.6 

6.2 

9.1 

12.1 

14.7 

72 

117 

176 

255 

365 

479 

127 

193 

283 

441 

648 

810 

0.299 

0.264 

0.250 

0.289 

0.303 

0.277 

3.1 

4.5 

6.8 

110 

260 

415 

214 

509 

835 

0.210 

0.212 

0.221 



373"K 

406*K 

389"K 

5.7 

8.3 

251 

391 

492 

768 

0.281 

0.282 


373‘*K 

466‘’K 

414"K 

1.3 

2.5 

3.6 

50 

98 

149 

251 

488 

736 

0.296 

0.294 

0.293 
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TABLE 10 

Adsorption on cocoanui charcoal 


A. Ni on cocoanut charcoal 

B. COi on cocoanut charcoal 

TITOFT 

TITOFF 




dQ 




dQ 

A 

V 

p 

dA 

A 

p 

p 

dA 

ncc. 

at 

at 

in calories 

noc. 

at 

at 

in calories 




at 




at 


194*K 

aTa-K 

233.6‘‘K 


196 5*K 

273*K 

235*K 

0.145 

1.5 

5.6 


15.26 

0.3 

25.8 

0.139 

0.894 

4.6 

35.4 


41.50 

1.8 

190.0 

0.145 

3.468 

12.5 

150 


• 50.24 

5.2 

315.9 

mSm 

12.042 

66.4 

694 


61.37 

11.0 

589.1 

Bifl 


273*K 

aoa^K 

288“K 

65.85 

14.2 

755.1 

HI 



273*K 

303“K 

288*K 

0 082 

2 8 

Q A 

A 





0.227 

8.8 



1.82 

1.2 

5.3 

0.363 

0.766 


64.5 

0.184 


3.6 

14.7 

mmm 

1.718 

73.2 

144.6 

0.166 

10.29 

14.2 

50.7 

HSI 

2.764 

118.6 

239.6 

0.172 

19.72 

41.8 

138.5 

mEm 

3.875 


347.6 

0.175 

28.87 

89.6 

283.3 


6.646 

315.6 


0.176 

38.14 

155.0 

498.1 

0.285 

7.490 

350.4 

752.3 

0.187 

44.93 

234.0 

758.6 

0.287 


aos^K 

asa-K 

328*K 


aoa-K 

353*K 

328"K 

0.082 

8,6 

20.0 

0.160 

0.507 


7.8 

IHI 

0.227 

20.3 

51.2 

0.175 

1.82 


31.0 

WBi 

0.766 

64.5 

167.2 

0.180 

4.02 


78.0 


1.718 

144.6 

399,2 

0.192 

10.29 

50.7 

256 

0.307 

2.764 

239.6 

669.0 

0.195 

19 72 

138.5 

672 

0.299 


363‘’K 

424.5”K 

389'’K 



424 .5*K 

389*'K 

0.0371 

9.7 

18.9 

0.124 

0.146 

2.0 

16.1 

0.387 

0.0754 

19.0 

41.8 

0,146 

0.378 

6.0 

36.6 

0.336 

0.1416 

33.6 

83.4 

0.169 

0.720 

12.0 

68.1 

0.322 

0.3168 

69.4 

194.4 

0.191 

1.605 

28.0 

154.5 

■SSI 

0.5052 

108 

316.1 

0.199 

3.154 

57.0 

319.4 


1.172 

264 

770.7 

0.199 

4.25 

82.6 

447.5 

lESl 





5.78 

119.2 

525.2 

Wm 





7.46 

167.0 

747.7 

mEm 
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TABLE Vh-Conelui9i 

C. NHs on cocoanut charcoal D. Hs on cocoanut charcoal 
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TABLE 11 

Adsorption on charcoal 


A. Ethyl ether on charcoal B. CS9 on charcoal 


OOLDMANN AND POXiANTX QOLDMANN AND POLANTI 
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TABLE U-ConcluM 


C. n-Pentane on charcoal 


GOLDMAKN AND POLANTI 


A 

DCC. 

V 

at 

V 

at 

dQ 

dA 

in calories 
at 


209.3"K 

257.7“K 

233 6®K 


0.024 

3.6 

BSI 

112.1 

0.067 

8.6 

mmm 

122.6 

0.233 

50.0 

mm 

124.3 

0.288 

72.3 

0.544 


257.rK 

273‘’K 

265 4*K 

46.8 


mm 

0.582 

67.6 

0.25 


0.521 

81.7 


2.5 

0.452 

90.2 

1.6 

5.0 

0.467 


5.0 

14.6 

0.439 

112.8 

9.1 

29.2 

0.478 

116.0 

13.2 

45.4 

0.507 

118.8 

20.0 

80.7 

0,572 

121.7 

39.3 

161.0 

0.578 


273*K 

278 2‘’K 

275.6'’K 

81.7 

2.5 

3.9 

0.571 

90.2 

5.0 

7.4 

0,503 

105.0 

14.6 

21 

0.467 

116.0 

45.4 

68 

0,519 

118.8 

80.7 

126 

0.572 


273"K 

293.5‘’K 

283 2‘’K 

37.6 

0.0533 

0.284 

0.579 

50.6 

0.203 

0.99 

0.548 

67.6 

0.89 

3.86 

0.508 

90.2 

5.0 

21.2 

0.500 

105.0 

14.6 

55.6 

0.463 

112.8 

29.2 

138 

0.538 

116.0 

45.4 

254 

0.596 

118.8 

80.7 

390 

0.545 


D. Ethyl chloride on charcoal 


OOLDMANN AND POLANTI 


A 

DCC. 

p 

at 

P 

at 

dQ 

dA 

in calories 
at 


257.7*K 

273'’K 

265.4*K 

16.1 

0.0177 

0.065 

0.530 

22.9 

0.0479 

0.176 

0.528 


0.289 

0.896 

0.461 

66.6 

1.410 

3.99 

0.424 

119.9 

12.02 

30.5 

0.379 

131.1 

17.81 

47.0 

0.395 


35.6 

91.3 

0.384 

161.5 

58.4 

168 

0.430 

168.1 


304 

0.430 


131.1 

316 

0.342 


273“K 

293'*K 

283‘’K 

9.26 

0.014 

0.0678 

0.559 

20.8 

0.135 

0.552 

0.499 

49.2 

1.61 

5.60 

0.442 

91.1 

11.2 

35.8 

0.412 

114.6 

26.7 

82.7 

0.400 

127.0 

41.2 

124.8 

0.423 

141.9 

68.2 

204.2 

0.388 

152.9 

101.7 

311.1 

0.396 

158.8 

138.0 

448.0 

0.417 
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TABLE 12 

Adsorption on charcoal 
A. HtO on sugar charcoal 

COOLZDGB 


The following isosteres are taken from Coolidge (14) p. 715, table III. 


A 

p 

p 

p 

p 

p 

p 

noc. 

243-K 

273“K 

293*K 

334'»K 

373"K 

429*E 

0.41 

0.0175 

0.23 

0.76 

5.8 

20.5 

76 

1.49 

0.066 

0.78 

2.85 

19.5 

74 

257 

4.21 

0.125 

1.48 


45 

173 

710 

16.3 

0.16 

1.85 

7,2 

68 

330 

1500 

191 

0.22 

2.77 

11.6 

120 

760 


198 

— 

3.20 

13.2 

142 



208 

0.28 

4.00 

16.8 





From this is calculated: 


A 

ncc. 

^ ; 
dA 

at 268;K 
calories 

283“K 

313.6“K 

353.5“K 

401*K 

0.41 

0,505 

0.423 

0.428 

0.357 


1.49 

0.484 

0.459 

0.409 

0.377 

mSEm 

4.21 

0.484 

0.465 

0.443 

0.381 


16.3 

0.479 

0.481 

0.475 

0.447 

0.383 

191 

0.496 

0.507 

0.494 

0.522 


198 

— 

0.502 

0.502 



208 

0.521 

0.508 





The measurements of organic vapors on cocoanut charcoal by 
Coolidge cover a wide range of temperatures, but are less accurate 
than those of Goldmann and Polanyi (table 11). 

Heats of adsorption are calculated partly from isosteres which 
Coolidge interpolated from his isotherms and published (J. Am. 
Chem. Soc. 46, 596 (1924) ), partly from the original isotherms 
which Coolidge kindly sent \is and for which we wish to express 
our gratitude. 
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The unpublished values are used in those cases, where a more 
accurate value for the heat of adsorption could be e^spected by- 
taking temperatures closer to each other and diminishing the 
number of interpolations. 

Values taken from Coolidge’s isosteres are marked*. 

rfCi 

The third decimal of the values of ^ and the pressures may be 

oA 

omitted. 


TABLE 12 — Continued 
B. Benzene on cocoanut charcoal 


GOOLIDQB 


•Between 273°K and 

•Between 333°K and 423'’K 


dQ 


dQ 

A 

dA 

A 

dA 

noc. 

at MS-K 

ncc. 

at 378“K 


calories 


calories 

25 

0.65 

5 

0.74 

50 

0.61 

25 

0.64 

75 

0.58 

50 

0.59 

100 

0.56 

75 

0.56 

Between 420. 6°K and 489°K 

Between 489®K and 576°K 


dQ 


dQ 

A 

dA 

A 

dA 

ncc. 

at 4S4^K 

ncc. 

at 532.5*K 


calories 


calories 

6.3 

0.73 

0.8 

0.85 

10.8 

0.72 

1.9 

0.79 



2.6 

0.76 



7.1 

0.69 
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TABLE 1%-Cofdinva 


C. Ethyl ether on ooooanut charcoal 


COOLZDOB 


Between 273°K 
and306°K 

Between 306°K 
and332°K 

A 

noo. 

dQ 

iA 

at 

289.5*K 

calories 


H 

67 

78 

86 

91 

106 

0.60 

0.66 

0.60 

0.63 

0.47 

32 

68 

90 

0.64 

0.49 

0.64 

Between 372®K 
and 420°K 

Between 332®K 
and 372°K 

A 

noc. 

dQ 

iA 

at 

3M*K 

calories 

A 

noc. 

dQ 

iA 

at 

352-K 

calories 

14 

21 

32 

67 

0.69 

0.64 

0.69 

0.63 

21 

32 

68 

0.63 

0.67 

0.61 

Between 489°K 
and Sre'K 

Between 420“K 
and 489°K 

A 

noo. 

iQ 

iA 

at 

532.5*’K 

calories 

A 

noe. 

dQ 

iA 

at 

454.6«K 

calories 


1.14 

1.03 

0.96 

0.76 

0.69 

0.79 

0.67 

0.69 

8 

14 

21 

31 

0.79 

0.63 

0.60 

0.67 



D. Methyl alcohol on cocoanut 
charcoal 


OOOLZDGa 


Between 273®K 

^Between 323^ 

and 306.3°K 

and373°K 


dQ 


dQ 

A 

dA 

A 

iA 

nco. 

at 

280.6*K 

HOC. 

at 

348*K 


cabries 


caloriee 

30 

0.62 

■■ 

0.71 

‘ 66 

0.66 

mm 


126 

0.63 


mSm 

173 

0.60 

100 

Bo 

194 

220 

0.47 

0.62 

160 

BO 



237 

0.62 

♦Between 373®K 

241 

0.60 

and 423°K 

261 

0.46 


dQ 

iA 



A 



noo. 

at 

398*K 




calories 



6 




10 




20 




30 




100 
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Between ± 422°K 
and 489®K 


Between 489°K 
and 576. 8°K 


F. Methyl acetate on cocoanut char- 
coal 


♦Between 273°K and 373°K 


^ at 323*K 
aA 

calories 



71 

0.55 

47 

94 

0.55 

67 

103 

0.45 

70 

118 

0.56 

95 

123 

0.46 ; 



H. Carbon tetrachloride on cocoanut 
charcoal 


Between 273°K 
and 317. 6°K 


Between 317.6®K 
and 371. 6®K 
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TABLE 12-Concluded 

I. Ethyl formate on cocoanut charcoal 


COOLIDOB 


Between 273®K and 317. 7®K 

Between 317. 7“K and 371.8'’K 

A 

noo. 

^ at 295.3-K 
caloriea 

A 

nco. 

^ at344.7*K 
calories 

59 

0.61 

26 

0.61 

76 

0.65 

43 

0.58 

95 

0.55 

59 

0.52 

m 

0.62 

76 

0.55 



96 

0.53 


The determinations of Richardson cover a very large stretch 
of p and T. However they are not very accurate, since Richard- 
son outgassed his charcoal at too low a temperature (400®C.); 
therefore he found differences of many per cents in pressure, 
whether working at rising or decreasing T. Hence the third 

decimal of ^ and the pressures may be omitted. 











TABLE 13 

Adsorption on cocoanut charcoal 


A. COa on cocoanut charcoal 


BICHABIHION 


Between 209®K 

Between 230®K 

and 2l9‘’K 

and 243‘’K 


iQ 


dQ 

A 

dA 

A 

dA 

ncc. 

at 

214"K 

ncc. 

at 

236.5“K 


calories 


calories 

44 

0.17 

22 

0.26 

64 

0.11 

43 

0.23 

87 

0.08 

63 

0.18 

99 

0.17 

82 

0.26 

104 

0.17 

88 

0.29 

Between 243°K 

Between 263°K 

and 253°K 

and 273“K 


dQ 


dQ 

A 

Ja 

A 

dA' 

ncc. 

at 

248‘’K 

ncc. 

at 

268*K 


calories 


calories 

12 

0.26 

11 

0.22 

22 

0.33 

21 


43 

0.28 

41 


61 

0.28 

66 

wmm 

80 

0.27 

71 

0.25 

Between 273®K 

Between 388®K 

and 283°K 

and 403°K 

A 

dQ 

dA 

A 

dQ 

dA 

ncc. 

at 

278-K 

ncc. 

at 

396.5*’K 


calories 


calories 

11 

0.28 

6 

0 34 

21 

0.32 

10 

0.36 

40 

62 

0.29 

0.26 

16 

0.58 



68 

0.26 

Between 403°K 

71 

0.29 

and 418°K 




dQ 



A 

dA 



ncc. 

at 

410.6*'K 

calories 



■■ 

0.34 



BH 

0.32 



mB 

0.36 



Bn 

0.69 




0.67 


B. NHs on cocoanut charcoal 


BICHARDBON 


Between 253®K 

Between 263°K 

and 263°K 

and 273'’K 

A 

dQ 

dA 

A 

dQ 

dA 

ncc. 

at 

258*K 

ncc. 

at 

268*K 


calories 


calories 

26 

0.36 

26 

■B 

46 

0.16 

46 

Warn 

69 

0.16 

68 

Bl9 

91 

0.13 

90 


113 

0.13 

111 

mSm 

134 

0.21 

128 

mam 



141 

1 0.28 

Between 283®K 

Between 313®K 

and 293'’K 

and 328°K 

nmni 

dQ 


dQ 


dA 

A 

dA 


at 

288-K 

ncc. 

at 

320.5“ K 


calories 


calories 

26 

0.27 

13 

0.36 

45 

0.22 

25 

0.36 

66 

0.27 

43 

0.30 

87 

0.28 

63 

0.33 

105 

0.33 

96 

0.34 

128 

0.29 



Between 328®K 

Between 373®K 

and 343®K 

and 388°K 

A 


nn 

dQ 

dA 

ncc. 



at 

380.5“K 




calories 

12 

0.34 

11 

0.35 

23 

0.37 

20 

0.32 

53 

0.36 

32 

0.31 

76 

0.36 

42 

0.29 

91 

0.34 

60 

0.30 
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T ABLE lZr-~C oncludtd 

B. NH| on cocoanut charcoal — 
concluded 


RICHABDSON 


Between 388®K Between 433^K 
and 403% and 448% 


A 

noo. 

dQ 

dA 

at 

8g5.6*K 

calories 

A 

noo. 

40 

dA 

at 

440.5*K 

calories 

9 

0.43 

7 

0.37 

16 

0.37 

12 

0.37 

25 

0.34 

18 

0.34 

31 

0.32 

22 

0.45 

36 

0.33 



43 

0.36 




Between 448% 
and 473% 


A 

neo. 


dA 

at 

460.S*K 

calories 


5 

8 

LI 

L4 

L5 


0.44 

0.42 

0.39 

0.35 

0.40 
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TABLE 14 

Adsorption on silica gel 

Butane on silica gel (containing db3.5 per cent H3O) 


PATRICK AND LONG 


A 

ncc. 

p 

at 

p 

at 

^ incalorieBat 
dA 


273*K 

303*K 

288*K 

3.8 

7.41 

28 

0.325 

10.6 

32.89 

110 

0.295 

20.7 

86.85 

272 

0.279 

35.2 

167.13 

512 

0.273 


303“K 

313®K 

308“K 

3.1 

19.45 

34.5 

0.481 

6.3 

51.03 

81.0 

0.388 

8.0 

77.20 

114.5 

0.331 

14.6 

169.4 

250.0 

0.327 

15.4 

187.2 

268.5 

0.303 

21.8 

287.3 

410 

0.299 

32.1 

456.2 

637 

0.280 


ZIZ^K 

373‘’K 

343"K 

1.9 

18 

145.39 

0.360 

3.4 

40 

294.66 

0.344 

6.2 

80.5 

566.89 

0.336 

7.5 

103.5 

696.46 

0.329 
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TABLE 16 

Adsorption on silica gel 


A. CO 2 on silica gel containing 
±1.3 per cent HjO 


B. N 2 O on silica gel containing 
±1.4 per cent H 2 O 



* Since control determinations diverge very much, onlv two decimals are 
given. 






















308 


H. K. KRUYT AND JOHANNA G. MODDBRMAN 


TABLE 16 

Adsorption on silica gel 

NaOi on silica gel containing db6 per cent H 2 O 


RAMSS RAT 


The amount adsorbed, is given in milligrams per gram of gel. Since the 
molecular weight of NjOi varies with T, the calculation in ncc. is impossible. 


A' 

p 

at 

p 

at 

iQ 

dA* 

in calories at 

milligrams 

288* K 


309“K 

41.4 

1.0 

11 

0.481 

64.2 

2.6 

30 

0.498 

95.9 

6.0 

88 

0.675 

121.7 

7,6 

150 

0.600 

157.8 

13.7 

270 

0.597 

178.0 

18.8 

351 

0.687 

196.5 

25.0 

450 

0.579 

204.6 

28.6 

490 

0.569 


330*K 

353®K 

341.6'^K 

41.4 

11 

44.0 

0.783 

64.2 

30 

101.6 

0.689 

95.9 

88 

234.4 

0.553 

121.7 

150 

338.0 

0.459 


ass-K 

373*K 

363»K 

18.4 


30 

0.641 

35.6 


88 

0.579 

48.9 


150 

0.534 

68.6 


270 

0.498 

80.7 


351 

0.492 

93.8 


450 

0.456 

99.2 


490 

0.441 
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TABLE 17 

Adsorption on silica gel 
SOs on silica gel 


MC OAVACK AND FATBICK 


A 

nco. 

p 

at 

p 

at 

dQ 

4A 

inoalorieaat 


193*K 

219*K 

206*K 

50.3 

0.13 

1.3 

0.332 

08.8 

0.58 

7.4 

0.363 

148 

1.65 

19 

0.352 

182 

3.05 

32.2 

0.339 

207 

4.60 

44.0 

0.325 

230 

8.30 

56.0 

0.275 


298.6*K 

273*K 

256.8*K 

53.3 

4.22 

42.2 

0.387 

81.5 

13.85 

112 

0.351 

108.2 

29.02 

219.6 

0.340 

137.2 

50.07 

364.6 

0.334 

162.6 

73.45 

514.0 

0.327 

192.7 

116.62 

720 

0.306 


273-K 

303*K 

288*K 

11.8 

0.8 

9.50 

0.614 

25.7 

8.4 

40.56 

0.390 

36.5 

18.4 

82.32 

0.372 

47.8 

32.0 

141.46 

0.369 

61.3 

58.6 

241.77 

0.351 

77.5 

100 

408.02 

0.349 

99.3 

182 

702.40 

0.335 


330*K 

3WK 

341.5*K 

4.5 

12 

47.0 

0.612 

16.7 

70.4 


0.451 

18.7 

83.2 


0.446 

27.7 

191.4 

407.88 

0.339 

34.2 

286 

575.32 

0.313 

37.4 

344 

671.95 



868*K 

373*K 

3«3*K 

6.6 

71.6 

105.88 

0.228 

12.0 

134.6 

229.93 

0.312 

17.8 

208 

397.00 

0.377 

22.0 

268.2 

544.20 

0.413 

24.6 

342 

671.50 

0.393 
































TABLE 18 

Adsorption on titania gel 
A. Butane on titania gel 


KL.08KT AND WOO 


Between 273®K and 308*K 

A 

~ at 290.5*K,in calories 

ncc. 

dA 

12.7 

0.33 

15.2 

0.33 


B. Methyl chloride on titania gel 


KLOSKY AND WOO 


Between 298“K and 318®K 


A 

ncc 

^ at 308“K in calories 
dA 

17.6 

0.29 

21.0 

0.29 

21.9 

0.31 


TABLE 19 

Adsorption on SnOi 
A. CjHj on SnOs* 


PCABCE AND GOEROEN 


Between 273‘’K and 361. 6“K 


A 

ncc 

dO 

-j-z at 312®K in calories 
dA 

0.073 

0.17 

0.108 

0.16 

0.141 

0.17 

0.174 

0.15 

0.254 

0.15 


B. C*H4 on SnO* 


PKABCB AND OOSBOEN 


Between 273**K and 361 .5*K 


A 

ncc. 

^ at 312'*K in calories 

0.071 

0.19 

0.131 

0.19 


310 
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TABLE 19— Concluded 


Between 361 and 373*K 


noc. 

^ at 362‘*K in calories 
aA 

0.020 

0.19 

0.038 

0.20 

0.057 

0.16 

0.084 

0.20 

0.112 

0.25 


C. CjHe on SnO* 


PBABCB Aj^D aOBROBN 


Between 273"K and 351.6‘‘K 


A 

ncc. 

dQ 

:rr at 312*’E in calories 
aA 

0.86 

0.18 

1.49 

0.18 


Between 361.6*K and 373*K 


A 

ncc. 

dQ 

T-T at 362*K in calories 
dA 

0.019 

0.43 

0.036 

0.45 

0.054 

0.39 

0.070 

0.38 

0.090 

0.32 

0.107 

0.30 

0.136 

0.27 


D. Ht on SnOs 


PBABCB AND GOBRQBN 


Between 273**K and 361.5**E 


A 

ncc. 

dQ 

^ at 312*K in calories 

0.006 

0.075 

0.009 

0,075 

0.018 

0.099 


* The heat of adsorption yaries very much with the previous history and the 
water content of the SnOi. 
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IV. STATE OF THE ADSORBED PHASE 

From the standpoint of phase-equilibria the adsorption-layer 
is not a separate phase, but forms with the adsorbent one phase of 
variable composition. The system has two components, and two 
degrees of freedom and consequently can have only two phases. 
If however we mean by a “phase” a complex of identical units of 
volume (in which the unit must be thought very small), the ad- 
sorption-layer is not merely a separate phase, but may contain 
two and even more phases. The conditions for the equilibrium 
between three- and two-dimensional phases, such as they appear 
in monomolecular adsorption-layers, have been traced by Ehren- 
fest. He found that the pressures in the two-dimensional phases 
must be mutually equal, but that thermodynamically no relation 
can be found between the two- and the three-dimensional pres- 
sures. When adsorption of a vapor on charcoal takes place, the 
adsorption-layer will be in gaseous condition, in case a very small 
quantity has been adsorbed, i.e. the molecules are free to move 
within the surface. At a somewhat greater concentration we get 
coexistence between liquid and gas in the interface. From this 
the question arose as to the pressure in the adsorption-layer; the 
estimates vary between 30,000 atmospheres and a negative pres- 
sure. The following arguments are advanced in favor of a high 
pressure: 

1. Lamb and Coolidge calculated the net heat of adsorption 
( = heat of adsorption minus heat of condensation) per unit of 
volume of liquid adsorbed and found that for various substances 
this quantity is almost the same. If, in accordance with their 
opinion, the net heat of adsorption arises exclusively from com- 
pression, the pressure in the adsorption layer can be found by 
dividing the net heat of adsorption by the heat of compression per 
atmosphere of the liqxiid. In this way 28,000 to 37,000 atmos- 
pheres was found for the pressure in various liquid layers. 

2. The volmnes of liquid adsorbed by the charcoal at satura- 
tion do not differ much, and the greatest volume nearly always 
belongs to the liquid with the greatest compressibility. 

3. According to determinations made by Harkins and Ewing, 
Williams (89), Cude and Hulett, the specific volume of charcoal 
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seems to vary with the liquid used in the pycnometer. The 
greater the compressibility of the liquid, the smaller the specific 
volume found for the charcoal. The explanation lies at hand: 
the more compressible the liquid, the greater the difference 
between its real volume at high pressure and that calculated; the 
smaller, therefore, is the specific volume of the charcoal. 

4. The net heat of adsorption of water on charcoal at 0°C. is 
negative, according to Keyes’ determinations. As the tempera- 
ture increases from 0°C. the density of water becomes greater 
and the heat of compression is therefore negative. Here also the 
net heat of adsorption can be explained by compression at a high 
pressure. 

TABLE 20 

Heats of wetting of charcoal 


HSAT or WBTTIKa 


LIQUID 

Of bone black 

calories 

Of sugar 
charcoal dried 
at lOO-C. 
calories 

Of sugar 
charcoal dried 
at 1200*C. 
calories 

Water 

18.5 

3.9 

— 

Acetone 

19.3 

3.6 

28.6 

Methyl alcohol 

17.6 

11.5 

— 

Ethyl alcohol 

16.5 

6.9 

23.3 

Ethyl ether 

— 

1.2 

— 

Chloroform 

14.0 

2.3 

— 

Carbon tetrachloride 

8.4 

1.5 

— 

Carbon disulfide 

13.9 • 

4.0 

31.2 

Benaene 

11.1 

4.2 

32.7 


According to this representation, the emphasis lies upon the 
inner volume of the charcoal, not upon the surface. One might 
suppose that the quantity adsorbed at saturation could exactly 
fill a monomolecular layer. Then the surface, covered by this 
quantity, should always be equal for various liquids. However, 
the percentage differences between the surfaces calculated in this 
way are much greater than those between the volumes, so that 
the supposition of a monomolecular layer offers no advantage 
here. 

There are, however, many objections to the arguments of Lamb 
and Coolidge: 
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1. The net heat of adsorption, which is equal to the heat of 
wetting, cannot be always the same for one sort of charcoal, 
independent of the nature of the liquid. Since the charcoal takes 
up almost equal quantities at saturation, the heats of wetting per 
gram of charcoal should also be nearly equal. However the heats 
of wetting indicate that this is not true at all, even for those 
organic liquids tested by Lamb and Coolidge. 

Gurvic made determinations with bone black, Gaudechon with 
sugar charcoal dried at 100°C., and Bartell and Ying Fu with 
sugar charcoal, dried at 1200°C.; their results for the heat of 
wetting per gram of charcoal are shown in table 20. 

From this it is evident that the percentage differences are very 
great, especially for Gaudechon’s sugar charcoal. For bone 
black (which has a larger ash content) they approach, save for a 
single exception, the order of magnitude found by Lamb and 
Coolidge for the differences between the net heats of adsorption, 
(i.e. about 25 per cent). 

2. Heat of adsorption cannot be caused merely by compression, 
as shown by Coolidge (13) in a more recent article, since it is 
greatest for the first quantities of gas, which do not find anything 
to compress. The loss of potential energy at the near approach 
of the charcoal is not equivalent to a heat of compression from 
all sides. An adsorbed layer can be compressed only by the 
layers lying above it, which are also attracted by the charcoal. 
Here we have to do not only with the attraction between adsor- 
bent and adsorptive, but also with the mutual attraction be- 
tween molecules of the adsorptive. This influence will be es- 
pecially evident in the case of a vapor condensing on the charcoal. 

We shall try to develop this idea quantitatively, in order to 
come to an estimate (a rather approximate one, perhaps) of that 
part of the heat of adsorption which we can explain by com- 
pression.* 

We therefore suppose a constant volume, to which we gradually 
admit more vapor, for instance by communication with a volume 
in which the pressure is somewhat higher. The differences in 

’ Of course this heat of compression has nothing to do with the heat which 
we calculated for the compression of the unadsorbed gas. 
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pressure must always be very small, so that we can disregard the 
heat of expansion of the gas admitted. Heat of compression 
then continually developed, and the total quantity of heat, 
(from the initial condition with no volume up to a quantity A), 
exclusively a function of A. 

For the heat of compression of 1 gram-mol, we may write the 
formula of Maxwell: 



if V represents the molecular volume and Q the heat absorbed. 
The heat of compression of A gram-mols. 


dU - AdQ = - AT 



dv. 


F 

If V is the constant total volume, f = -j, consequently 


dv = 



and 



As long as the gas laws are applicable. 


consequently 


dp ^ R 


dA 


= RT. 


As soon as the vapor is saturated, p does not change any more, 

and as » « we find 
V 


dA 




S In p 
ST ’ 


and consequently the heat of condensation. As v is always the 

dU 

molecular volume of the vapor admitted, remains constant 


.a fc) .a 
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unta ever 3 ^hing is condensed and the volume is filled with liquid. 

Then immediately rises rapidly, the compressibility of a 

liquid being very small. In order to follow the adsorption proc- 
ess as closely as possible, let us suppose that saturated vapor, 

JTT 

which immediately condenses, is admitted; then ^ equals the 



Fig. 12 . Change of — with A at Two Tbmpebatvbes 


which V is now the molecular volume of the liquid. If we now 

d U 

calculate the curve for ether at 0°C., ^ per normal cubic centi- 
meter is at first 0.024 calorie, at condensation it is 0.297 calorie 
and afterwards, when the liquid is being compressed, it is 0.297 + 
0.506 = 0.803 calorie per normal cubic centimeter. 


The value of A, at which condensation appears, is .4' = 
p'V . 

in which p' is the saturated vapor pressure. For higher 


values of T, A' is larger, since p' increases more than T. The heat 
of condensation falls with increase of temperature; RT however 
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has increased. The point A", where the volume is entirely filled 
with liquid, is situated at higher T at lower A, owing to the 
dilatation of the liquid. The ciuwes for two temperatures will 
therefore intersect twice, and will have the course as shown in 
figure 12. 

If we now place the constant volume of our derivation on a par 
with the volume taken up by the first layer, we see that the heat 
of compression will increase strongly as soon as the first layer is 
filled. The value of 0.8 calorie per normal cubic centimeter of 
ether will not be reached however, for when the liquid is com- 
pressed in the first layer, the point is reached at which a newly 
admitted quantity of vapor forms a second layer more easily than 
it attains a place in the first layer. This second layer is subjected 
to forces from the adsorbent as well as from the first lasrer and 
therefore compresses the latter. The heat of compression thus 
liberated caimot be calculated quantitatively; that it may be 
important is shown from the following reasoning. 

The second layer does not evaporate (for the sake of conven- 
ience we consider the equilibrium as being static) in spite of the 
fact that the pressure is smaller than the satmated vapor-pres- 
siue. If, however, the same liquid were present in place of the 
charcoal, the second layer would evaporate immediately. The 
force exercised by the charcoal on this second layer must there- 
fore be so much greater than that of the liquid itself at the same 
distance, that it neutralizes the lowering of the vapor-pressure. 
If, for instance, the pressure is one-tenth of the saturated ten- 
sion, the attraction of the charcoal is ten times greater than that 
of the liquid at the same place. The first layer, therefore, is 
situated between two layers which attract each other ten times 
more stron^y than in the normal liquid; therefore the com- 
pression will about ten times the normal inner pressure. If we 
estimate the inner pressure for ether at 0°C. according to van der 
Waals to be 1400 atmospheres, the compression of the first la3rer 
is 14,000 atmospheres. The heat liberated when one cubic 
centimeter of liquid is compressed, is for ether at 0®C. equal to 
0.00298 calorie per atmosphere (average between 1 and 12,000 
atmospheres) . (This value was calculated by Lamb and Coolidge 
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from Bridgeman’s measurements.) For 14,000 atmospheres this 
becomes 41.7 calories. If, for instance, 0.2 cc. of liquid is 
present in the first layer, 8.3 calories of heat of compression are 
liberated when the second layer has been formed. If also 0.2 
cc. of liquid = 44.4 normal cubic centimeters of vapor have come 
in the second layer, about 0.19 calorie per normal cubic centi- 
meter has been contributed to the heat of adsorption by the heat 
of compression of the first layer. 

This estimate is only approximate, for: (1) the influence 
exerted by the charcoal on the second layer is partly indirect, 
owing to the changes brought about in the first layer; (S) if only 
the first layer is present, it is not under normal inner pressure; 
(S) the heat of compression will not be constant for each normal 
cubic centimeter which comes into the second layer. 

We do not know at all how the formation of the second layer 
is effected, and cannot trace therefore, how the heat of compres- 
sion will be distributed over the next quantity adsorbed. If, as 
soon as the second layer is filled, a third layer is formed, the 
attraction of the charcoal will have decreased much more than the 
compressible quantity of liquid has increased. The heat of 
compression will therefore be much smaller than at the formation 
of the second layer, and will always become smaller for possible 
following layers. 

dXJ 

We shall now compare the curve calculated for — with the 

aA 

curve for found by Lamb and Coolidge at 0°C. for ether on 
dA 

cocoanut charcoal (figure 13). The straight part in the ^ curve 

dA 


must agree with the rise of the 


dU 

dA 


curve, and therefore shows us 


where the second layer is filled. This begins at about d. = 23 
normal cubic centimeters; this quantity of ether covers as mono- 
molecular liquid layer a surface of 188 square meters, if we take 
for the thickness of the layer the cube root of the volume of one 
molecule. 


As the ether molecules are probably orientated, it is more exact 
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to take for the section of the molecule parallel to the surface of the 
charcoal, the value of about 0.20mM*, found by Adam for many 
organic substances with straight chains. The surface of one 
gram of the charcoal of Lamb and Coolidge amounts then to 
139 square meters. In the same way we calculate from the ether 
curve of Keyes for his charcoal a specific surface of 100 square 
meters. 



Fia. 13. Etbeb on Chabcoai. at 0°C. 

Heat of adsorption (measured by Lamb and Coolidge), heat of compression and 

dQ 

real heat of adsorption . The value of — of the abscissa is 0.16 calorie. 

dA 

If we now draw ^ ^ against A, we get a curve which goes 

dA dA 

down regularly, and represents the heat of adsorption which we 
should find if we could avoid the heat of compression. We call 
this the “real heat of adsorption” (the expression “net heat of 
adsorption” would be preferable, if Lamb and Coolidge and many 
others had not used “net heat of adsorption” for the “heat of 
wetting”). The meaning of this “real heat of adsorption” will 
be discussed later on. 

With ether the fall of the “real heat of adsorption” is compen- 
sated by the rise of whereby ^ remains constant therefore 
dA dA 
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over a rather long distance. This is an exception. If the heat 
of compression is smaller in proportion to the real heat of adsorp- 

^ continue to go down slowly; if the heat of compression 


is greater in proportion to the “real heat of adsorption” than in 
the case of ether, ^ will rise slowly. Especially if ^ is small, 


it is very difficult to deduce from the curve for the heat of adsorp- 
tion where the second layer is formed. 

Lamb and Coolidge have not continued their determinations 
up to the point of saturation. However, it is possible to deduce 
the further course of these curves from the isotherms measured 
by Goldmann and Polanyi (see figure 11). Just before satura- 
dQ . 

tion, ^ rises steeply and then falls to the heat of condensation. 


This rise cannot be attributed to heat of compression, but probably 
is due to the heat liberated when a large liquid-air interface 
disappears. For by filling a narrow capillary, which was coated 
by a thin liquid layer, the surface energy of the liquid will disap- 
pear and be converted into heat. From the quantity of heat 
liberated we can calculate the area of liquid surface which has 
disappeared, provided that the surface tension of the liquid is 
known. 

From the figure the amount of heat which is due to the final 
nse of — can be estimated, although only approximately. This 


represents, for instance with ether at 10®C., a quantity of heat 
of about 0.5 calorie. The free surface energy per square centi- 
meter of surface is for ether at 10°C. about 18 Consequently 

cm** 

the liquid surface must have been about 116 square meters. 

At — 7®C. the amount of heat due to the rtae »f1g i. grater 

dA 

(see figure 11); also the free surface energy is then greater. 

That exactly the same surface for the liquid should be found as 
we calculated for the charcoal of Lamb and Coolidge, was not to 
be expected. In the first place, the charcoal worked with was of 
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a different kind; in the second place, the liquid surface must 
always be smaller than that of the charcoal, since the roughnesses 
of the surface and the very small cavities are filled sooner. 

The fact that the values calculated for the liquid surface and 
for the charcoal surface are of the same order proves that the 
capillaries of the charcoal used do not differ much in diameter, 
and that they are first covered regularly with a liquid layer. Just 
before saturation a very small quantity of liquid will suffice to 
fill the pores entirely. 

The maximum surface, which one normal cubic centimeter of 
ether can have at 10°C. as liquid, is 16.3 square meters (this is the 
total surface of both sides of the monomolecular layer). This is 
therefore also the largest surface, which can disappear by con- 
densation of one normal cubic centimeter of ether, in case it finds 
liquid molecules on both sides. The heat which is liberated in 
that case is about 0.07 calorie per normal cubic centimeter, which 
therefore is the largest amount which the surface energy can 

attribute to ^ for ether at 10®C. 


If we now look at the curves calculated for n-pentane from 
Goldmann and Polanyi’s isotherms, we see here exactly the same 
thing as with ether. At 10°C. the filling of the second layer 
begins at a smaller value of A than at — 7°C.; therefore at the 
lower temperature the real heat of adsorption had fallen more, 
dXJ 

before the rise of ^ set in. The filling of the capillaries makes 


itself obvious here by the steep rise of 


dA' 


The curves are how 


ever not known up to saturation; neither do we know the surface 
tension of n-pentane. Consequently the liquid surface cannot 
be calculated here. 

We now can draw for both temperatures the “real heat of 
adsorption” (see figure 14). These are smooth curves, which in 
the beginning fall very steeply, later on more slowly; they do not 
coincide for two temperatures, although tixe difference is not 
great. 
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In the systems dealt with heretofore, the kink in the ^ curve, 

where this curve rises from RT to the heat of condensation, lies 
at a concentration too small to be noticed. However it appears 
again in the SO 2 line from Polanyi and Welke (figure 10) where 
the rise after A = 0.33 cc. shows the condensation into liquid. 

The NHs line determined by Titoff at 0°C. (figure 2) begins to 
rise at A = ±90 normal cubic centimeters, which indicates that 



Fig. 14. «-Pentane on Charcoal at 10°C. and — 7°C. 

Heat of adsorption^ heat of compression and real heat of adsorption. 
dQ 

The value of — abscissa is 0.07 calorie. 

dA 

the second layer is built up there. (If it meant that the capil- 
laries were filled, the rise would be steeper and much nearer to 
saturation.) The surface, which is covered by 90 normal cubic 
centimeters of NH, in a monomolecular layer, is 306 square 
meters. The charcoal of Titoff therefore has a greater specific 
surface than that of Lamb and Coolidge. 

/in 

Titoff is of the opinion that the rise of — is due to the forma- 
tion of liquid, and concludes from the difference between the 
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value of the minimum and the higher values at subsequent 
volumes, what part of the adsorbed quantity condenses. This 
cannot be correct, for should 90 normal cubic centimeters be 
present on the charcoal in non-fluid condition, they would take up a 
volume of at least 21 cc. per gram of charcoal (the saturated 
vapor-pressure of NH» at 0°C. is 4.3 atmospheres). This is im- 
possible, certainly for the compact cocoanut charcoal used by 
Titoff. 

The argument of Tryhom and Wyatt, who measured the rate 
of adsorption of saturated vapors on cocoanut charcoal, is erro- 
neous for the same reason. They hung one gram of charcoal 
above the surface of a pure liquid at 20°C., and determined the 
increase in the weight of the charcoal with time. They found 
dA 

that (t = time) against i always gave a curve with a kink, and 
at 

ascribed this kink to the sudden formation of a liquid layer on 
the charcoal. The difference in concentration between the sur- 
face of the pure liquid and that of the charcoal covered with a 
small layer of liquid would then be so small, that the rate of 
adsorption would also be very small. In most curves the kink is 
situated in the neighborhood of 2/3 to 5/6 of the saturation-quan- 
tity, for instance for ethyl alcohol at 53.6 normal cubic centimeters 
adsorbed. The assumption that a liquid layer is formed suddenly 
when this large amount has been adsorbed, is evidently absurd. 

dA 

The cause of the apparent discontinuity of the — against t curve 

dt 

may probably be found in the form of the isotherm, for the rate 
of adsorption is proportional to the difference in pressure above 
the pure liquid and above the charcoal. At smaller values of 
A, p is so small that, compared with the saturated pressure, 
it may be neglected, but at A = ±2/3 of the saturation- 
quantity, p is increasing strongly. There is apparently a sudden 
change in the pressure, but a liquid layer had previously been 
formed on the charcoal. 

It is true that above the critical temperature of the adsorbed 
substance the heat of condensation disappears, but not the heat 
of compression, which remains equal to RT, except for the devia- 
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tions from the laws for ideal gases. Whether more layers will 
form on the charcoal cannot be said with certainty; probably this 
will be the case at a lower temperature. 

Of course it is not correct to ascribe each rise in a ^ curve to 

dA 

a heat of compression. When we recall the curves which have 
been found for Oa on charcoal and for Ha on nickel and on copper 
catalysts (figure 6), we understand that the cause of the rise can 
be quite different. The curve for Oa rises from .4 = 0 to a value 
eleven times larger than its initial value. However, there is here 
no longer any question of real adsorption, but chemical inter- 
action with the charcoal takes place. This is evident from the 
fact that in case of desorption only part of the oxygen can be 
recovered, and that when evacuating at a higher temperature, CO 
and CO 2 are set free (McLean). The quantities which are first 
adsorbed occupy the most active places of the surface and should 
therefore give the greatest heat effect, provided that no heat had 
been used to dissociate the O 2 molecule. 

Each oxygen atom then combines with the charcoal to form 
one or more complexes. Gamer and McKie distinguish three 
complexes which are possible, viz.: 


c c c c 

c c c 

c c c 

11 II 

/\ 

0 

0 0 

0 0 

0 



11 



0 

(I) 

(II) 

(III) 


(I) gives CO with desorption, (II) gives CO 2 and (III) gives un- 
changed O 2 . 

When evacuating at a higher temperature charcoal which had 
previously adsorbed O 2 , it appears that the maximum evolution 
of CO 2 lies between 300°C. and 400'’C., that of CO between 
600°C. and 700°C. (Rhead and Wheeler). Over a large range of 
temperatures CO and CO 2 both appear; the surface of the char- 
coal will therefore always be dissimilar. The supposition is that 
at very small concentrations complex (I) is formed. This im- 
plies a complete dissociation of the O 2 molecule. Only the most 
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active spots of the charcoal are able to cause such a dissociation; 
the liberated heat is therefore small. At larger values of A, 
complex (II) is formed; here the connection between the oxygen 
atoms is loosened but not broken; the liberated heat is great. 
If A becomes still larger we get complex (III), real adsorption, 
whereby the Ot molecule remains intact; the liberated heat is 
here of the same order as the heat of adsorption of other gases.* 
For Hi on catalysts the situation is essentially the same. We 
have no real adsorption here either, but chemical action inter- 
feres. At the most active points on the surface the hydrogen will 
be bound atomically, and heat is used for the dissociation of tiie 
Hi molecule. 

The third case of a rising ^ curve was that of H|0 on charcoal. 

dA 

Here the heat of adsorption has a smaller value than the heat of 
condensation. This might be due to the fact that the heat of 
compression for H|0 at 0°C. is negative, at least for the first 200 
atmospheres. The condensation of water vapor into a com- 
pressed liquid therefore gives a smaller heat than the normal heat 
of condensation; at higher pressures the difference becomes 
smaller. 

However, the behavior of HiO with regard to charcoal, which 
in many respects is different from that of the organic liquids, may 
also be considered from another standpoint, which at the same 
time shows us a quite different side of the problem of adsorption. 

In case the heat of adsorption of a substance is smaller than its 
heat of condensation, the substance is adsorbed more at a higher 
temperature and at the same relative press\ire. (By relative 
pressure we mean the pressure p, divided by the saturated vapor- 
pressure p,). For, 



din p 
dT 


- ET* 


din - 


d In p« 
dT ‘ 


* In a recent paper Marshall and Bramston Cook publish heats of adsorption 
for Oi on charcoal at ; here the initial values are very high. The course of the 
curve they find is quite different from that of Garner and McKie, although at 
greater pressures the values coincide. Especially at very small concentrations 
do different kinds of charcoal behave quite differently. 
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The last term is the heat of evaporation. 
dO din— 

than — , then p, must be negative. 
dA 


When this is greater 

At a higher T, — is 

V> 


HTTiAllftr at the same A; and at the same — , A is consequently 

P» 

greater. The shape of the isotherms is different here from those 
in the case of the organic liquids. 

Coolidge (14) has determined isotherms of water on charcoals 
with different ash contents and has found that the influence of 
the ash content was great, especially at small concentrations. 



Fig. 16, Isothbkms op H2O on Charcoal at 0®C. 
I — cocoanut charcoal; II — sugar charcoal 


The isotherms at 0°C. on cocoanut charcoal, which contains 
rather many inorganic impurities, and on sugar charcoal, which 
does not contain them, are shown in figure 15. At small values of 
p, the course of the curves is quite different. (An analogous 
diagram has been found by Trouton and Miss Poole for the iso- 
therms of water on glass wool, which has been dried in various 
ways.) With pure sugar charcoal hardly anything is adsorbed 
between p — 0 and p — 1.5 mm. Hg; at higher pressures, A at 
once increases steeply. The equilibria were all reversible; the 
same p was found whether working at decreasing or at increasing 
pressure (with cocoanut charcoal such was not the case). The 
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shape of the isotherm of HjO on sugar charcoal is indeed quite 
different from that of an organic liquid, where in the stretch of 
pressures p == 0 up to p = 1.6 mm. Hg, more than half of the 
quantity necessary for saturation is adsorbed. 

This difference is explicable, because the adhesion between 
charcoal and an organic non-polar liquid is so much greater than 
that between charcoal and water. Charcoal is wetted spontane- 
ously and completely by an organic liquid, and the angle of con- 
tact is 0°; with water the wetting is not complete, and the contact 
angle is between 0“ and 180°. Bartell and Osterhof have worked 
out a very ingenious method to determine quantitatively the 
adhesion tension even when the contact angle is 0°. They found 
that the work of cohesion of benzene is much smaller than the 
work of adhesion with charcoal; for water it is just the opposite. 

Therefore work is required to replace a water-water interface 
by a charcoal-water interface, and consequently the heat of con- 
densation of water on a surface of charcoal must be smaller than 
that on a water surface. If the surface of the charcoal is covered, 
we once more get the normal heat of condensation. 

This consideration enables us to calculate the specific surface 
of the charcoal, for instance in the system HjO on charcoal, 
according to Keyes. Considering the point where the normal 
heat of condensation is reached as the beginning of a second layer, 
we calculate for the svuface of the charcoal 60 square meters per 
gram, i.e. a somewhat smaller value than that derived from Keyes’ 
diagrams for ether on charcoal. 

The course of the isotherms on varioxis kinds of charcoal can 
now be explained too. Large ash contents of the charcoal, i.e. 
many inorganic impurities, make the work of adhesion for water 
greater, and therefore the adsorption at small pressing will also 
be greater. With increasing temperature, the cohesion decreases 
more than the adhesion. (At the critical point there is no longer 
any surface tension, but there is still adsorption.) Consequently 
at small pressures the isotherm for higher temperature is situated 
above that for lower temperature, and at the same relative pres- 
sure A increases with increase in T. 

Bartell and Osterhof assume that the inner pressure of a liquid 



328 


H. R. KRUYT AND JOHANNA G. MODDERMAN 


is a function of the surface tension, and that the relation between 
the pressure in the adsorption layer and the inner pressure of the 
Uqviid is the same as that between the work of adhesion and that 
of cohesion. Therefore the pressure of adsorbed H»0 will be 
smaller than the normal inner pressure, while the opposite is true 
with organic liquids. 

Coolidge (14) found the same behavior as that of HjO for the 
adsorption of Hg vapor on charcoal. With nitrogen on charcoal 
at 15°C. and at very small pressures, Rowe found an analogous 
behavior, but the curvature of the isotherms was smaller in this 
case; at — 183°C., however, the cmve ran normally. As we are 
here above the critical point, the comparison with the heat of 
condensation is impossible and the terms “work of adhesion” and 
“cohesion ’ have lost their usual meaning. The fact, however, 

that increases when the charcoal has already condensed 

some nitrogen on its surface, proves that the attraction of the char- 
coal for a nitrogen molecule is smaller than the mutual attraction 
between two nitrogen molecules (at the same distance). Figure 9 
for the calculated heat of adsorption of nitrogen shows that at 
different temperatures the curves first rise and then run nearly 
horizontally; near 0°C., however, the heat of adsorption has the 
usual course, as appears from isotherms of Titoff and Miss Horn- 
fray. Evidently these relations are very dependent on the 
temperature. 

The behavior of HjO, of Hg vapor and of Ns with charcoal em- 
phasizes the chemical forces between adsorbent and adsorptive, 
just as well as does the adsorption of O 2 on charcoal and of H» on 
metals. In the latter cases the chemical forces are dominating; 
in the first cases they are failing. 

These resxdts contradict the idea that the adsorption is not 
specific; in the case of 0* we can stiU say that we have nothing to 
do any more with real adsorption, but with H 2 O and N» this is 
surely the case. The part played by the chemical forces at 
adsorption would be much clearer, if most investigators had not 
experimented exclusively with charcoal, and especially with a 
kind having a high ash content. 
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For the adsorption of HaO the influence of such inorganic im- 
purities has already appeared clearly; for SOa and NHa it will 
also make a difference what kind of charcoal is used. As for the 
adsorption of organic liquids on charcoal, the first layer will 
probably be orientated in such a way that in the first instance we 
shall have always to do with the forces between the charcoal and 
the carbon atoms of the liquid layer. Great divergencies may 
consequently not be expected there, and the conclusion as to 
whether adsorption is specific or not may not be drawn from the 
results. 

V. CONCLUSIONS PROM THE HEAT OP ADSORPTION AS TO SOME 
THEORIES ABOUT GAS ADSORPTION 

The heat of adsorption is often used to calculate other quanti- 
ties, chiefly the specific volume of a gas in the adsorbed condition. 

In accordance with the principle of Maxwell-Boltzmann, the 
entropy of a state is proportional to the logarithm of its proba- 
bility. For the difference of entropy between free and adsorbed 
gas the heat of adsorption q (per gram-mol) is taken. The prob- 
abilities of the two states are assumed to be proportional to the 
molecular volumes V y (in free) and V a (in adsorbed condition) 



From this we shall try to calculate Va in some cases: 

Case /. For CO 2 at 0°C., Titoff finds, at p = 2.4 mm. Hg, 

the value of g to be — X 22,400 = 7773 calories. Vy = X 
dA 7.4 

22400 cc. Then V y becomes = 4.39 cc. The molecular liquid- 

volume at 0°C. for CO* is ± 48.9 cc. 

Case II. For NH* at O^C. Titoff finds, at p = 2.6 mm. Hg, 

the value of g to be 0.501 X 22,400 calories. V a then becomes 

0.0067 cc. The molecular liquid-volume at 0®C. for NH* is ± 27 cc. 

Case III. For benzene at 0°C., Lamb and Coolidge find at 

p = 2 mm. Hg, the value of g to be 0.75 X 22,400 calories. 

Va then becomes 0.00004 cc. The molecular liquid-volume of 

benzene at 0°C. is ± 88.5 cc. 
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From these examples it appears that no real meaning may be 
attributed to the volumes found, which are so much smaller than 
the liquid-volumes. The compressibility of liquids is small; 
therefore the specific volume even at high pressures cannot differ 
much from that at one atmosphere. 

Polanyi and Welke, who have determined the adsorption of 
SOj on charcoal at very small concentrations, calculated the 
density in the adsorption layer according to Maxwell-Boltzmann, 
and also found impossible values. They therefore introduced the 
term “apparent density,” and determined the change of this 
quantity with increasing concentration. If they applied the 
formula to a vapor-liquid equilibrium, when q is the heat of 
evaporation and Fp- the specific volume of the saturated vapor, it 
appeared ;.hat the apparent density of a pure liquid was ±3 X 
the real density. 

Jacquet and Hiickel write the formula of Maxwell-Boltzmann: 

AVy M 
— = « 

in which V is the adsorption volume of one gram of charcoal. 

The density of the gas is n = -- , and consequently 

Vy 



n 


A 1 

If In — (at constant n) is drawn against — , a straight line must be 
n T 

found, from which and In V can easily be found graphically. 

For SOj and NHs the curves appeared not to be straight, and 
therefore the results are inaccurate; but for various gases Htickel 
obtains in this manner values for V and q. These q values are 
smaller than those determined directly. Htickel finds for Nj 
3200 calories (±4600 calories is determined); for CO*, 6560 cal- 
ories (6750 calories is determined) etc. For the adsorption 
volume per gram of charcoal he finds ± 0.05 cc. 
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That the deviations between the values found and those calcu- 
lated according to Maxwell-Boltzmann are not as great here as 
in the calculation of the specific volume of the liquid layer, is 
due to the form of the equation, but does not prove anything at 
all for its validity. 

Iliin thinks it possible to determine the surface of an adsorbent 
by means of the e-formula. If r be the thickness of the adsorp- 
tion layer and 8 the siuf ace of one gram of adsorbent, then 

q 

A 1 HT 
Sr “ Vy^ ' 


At the same pressure, temperature and heat of adsorption the 
quantity adsorbed per square centimeter of surface must always 
be equal (as Iliin takes accoimt only of monomolecular layers, r 
is always the same for the same adsorptive). The conclusion is 
that adsorption is not specific at all! If we know q and A for 
one adsorptive at the same p and T on two adsorbents, of which 
one has a known surface, 8 can be calculated for the other adsor- 
bent. This Iliin does for charcoal. 

Without using an adsorbent with a known surface, Iliin's con- 
clusions can easily be tested. If we have two adsorbents with 
specific surfaces 8i and 8t, on which Ai and A» have been adsorbed 
per gram at the same p and T, whereby the heats of adsorption 
are Qi and 92 then: 


^ 5 or -Ai ler 

A, Ji. - “ -r » 

— RT 

Si « 


Si Ai 


8, 


Now — must be independent of the adsorptive with which the 

Si 

relation is determined, as otherwise there would still be a question 

O 

of a specific effect. However — is not .constant at all. In cal- 

Si 

culating from Chappuis’ measurements the relation between the 
specific surface of the charcoal and that of the meerschaum used, 
with SOi as adsorptive, we find, if <§2 is the charcoal surface, that 
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o 

^ = 3.08 (calculated at 0®C. and 30 m m. Hg). With NH» as 
Si 

q 

adsorptive at the same T and p, — becomes 169. In other cases 

Si 

the agreement is just as bad. 

It is generally known that the principle of Maxwell-Boltzmann 
does not exactly represent the facts in many cases, especially 
when we have to do with weak bonds between atoms or mole- 
cules, as, for instance, with the specific heat of polyatomic gases. 
In adsorption we often have to do with weak bonds and chemical 
forces between the molecules of the adsorbent and the adsorptive; 
the more these specific influences prevail, the greater the error 
made when using the e-formula. With the systems studied by 
Kalberer and Mark (for instance, argon on silicic acid), the 
formula gives useful results, but there the requirement that the 
number of degrees of freedom of the molecule in free and adsorbed 
condition must be equal, is fulfilled (Sementschenko). If this is 
not the case, the known smooth curve of Maxwell for the dis- 
tribution of energy can not be applied, but must be replaced by 
the stepped figure, as calcxilated by means of the quantum theory. 

A somewhat exaggerated metaphor enables us to explain why 
we always find too small a value, when calculating the specific 
volume in adsorbed condition by the e-formula. The force 
exerted by the charcoal diminishes very markedly with increase 
in the distance from the surface. If we suppose that the adsorbed 
molecules are situated on the charcoal as are pins on a pin-cushion, 
the field at the point of the pin determines the adsorption and the 
heat of adsorption. This value of q is used in the formula, and 
therefore we calculate in reality the volume of the pin-point. 
About the volxune of the pins themselves, however, we cannot 
conclude anything; a conception such as Polanyi’s “apparent 
density” is therefore of no value. 

The potential theory also tries to explain the adsorption from a 
purely physical standpoint. According to this theory, developed 
for gases below the critical temperature by Polanyi (later on also 
by Berenyi, Lowry and Olmstead and others), the potential e of a 
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point is determined only by the distance from the adsorbing sur- 
face, and is independent of whether the interjacent space is filled 
or not. This distance being determined by the quantity already 
adsorbed, c depends exclusively on A ; this relation is called the 
characteristic function. Polanyi, assuming that the equation of 
state is applicable, finds 

* = RT In — , 

Pa 

in which p, is the saturated vapor-pressure. For the heat of 
adsorption 


holds, but according to Polanyi ^ = 0 ^ large range of 


temperatures above 0°K, therefore e = q, and the net heat of 
adsorption, drawn against A, gives the characteristic function. 
Polanyi and his collaborators do not calculate the latter from 
calorimetric data, but from isotherms, and they then find curves, 
which indeed fall in the beginning but afterwards run rather flat. 

Hiickel has calculated that this cannot be correct, since a 
potential which depends only on the distance from the surface 
must fall abruptly to 0. The curves which we found for the heat 
of adsorption show clearly that this opinion of Polanyi cannot be 
correct, for then the potential would increase again with an in- 
crease of the distance from the surface. 

If -^ = 0, then ^ must be 0. This is not correct either, 
dT dT 


dO 

although — is sometimes small. 
dT 


The potential and the heat of 


adsorption cannot be identified therefore, and the mutual action 
of the molecules of the adsorptive contributes considerably to 
the heat of adsorption. 

Goldmann and Polanyi have tided to improve the theory with- 
out throwing overboard the good results obtained in many cases. 
They assume that the adsorption layer is monomolecular at small 
concentrations, and that the difference of the potential arises from 
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the roughness of the charcoal surface. Around the most active 
spots isles of liquid are first formed, and the potential depends 
exclusively on the adsorbed volume. Goldmann transforms the 
isotherms to affinity curves, i.e. he draws the affinity F against A 


RTlrx 


Pa 


The different curves do not coincide, but run very close to each 
other. Although the potential is independent of T, according to 
Goldmann and Polanyi, the affinity indeed changes with T at 
constant A, owing to the dilatation of the adsorptive. In general 
the following holds: 


F = 3 + r 


dT 


= 9 


\dA/T \dT/F’ 


pressure and to the dilatation of the liquid. Now 


The heat of compression of a liquid is proportional to the 

-(^) 

\ dA ) T 

represents the gradient of the potential at right angles on the 
equipotential surface Fa, and is therefore a measure of the force 

with which the liquid is compressed, and (—) is proportional 

\dT/p 

to the dilatation of the liquid. The second term to the right in 
the equation above represents the heat of compression of the 
adsorbed liquid owing to the quantity just admitted, and the 
affinity is the difference between the heat of adsorption and the 
heat of compression. The curves which we have drawn in figures 
13 and 14 for the “real” heat of adsorption, therefore represent 
the same as Goldmann’s affinity. This “real” heat of adsorption 
however arises not only from the direct influence of the adsorbing 
surface, but also from the attractive power exercised by the first 
layer on newly admitted molecules. We may not say therefore 
that the affinity on a certain point is independent of the fact 
whether the space between the adsorbent and that point is filled 
or not. Moreover, it is not correct that the potential is independ- 
ent of the temperature and that the reason why the affinity curves 
for different values of T do not coincide must be sought only in the 
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dilatation of the liquid. Goldmann himself finds that this dilata- 
tion is different, when calculated from affinity curves, or when 
determined experimentally. The difference is considerable es- 
pecially at small concentrations. If Goldmann had also deter- 
mined isotherms of water on pure charcoal, he would have found, 
for instance between 10°C. and 20°C. a shrinking of the liquid at 
increasing temperature instead of a dilatation. For with water, A 

increases with T at constant ^ ; consequently at the same A, F 

Pa 

is greater at higher T. 

This shows clearly the one-6ide(iness of the potential theory. 
Its hypotheses are approximations, which however in many cases 
can represent the facts with sufficient accuracy, at least beneath the 
critical temperature and at higher concentrations, where chemical 
forces are of less influence. 

According to Patrick and his collaborators Greider, McGavack, 
Davidheiser and Long, adsorption is based upon condensation of 
liquid in the pores of the adsorbent. Indeed, the vapor-pressure 
over a highly curved surface is smaller than above a plane one. 
The relation between the radius of curvatme of the surface and the 
vapor-pressure above it is expressed in Lord Kelvin’s equation. 

If vapor is admitted to an adsorbent, for which Patrick usually 
takes silica gel, at small values of p the narrowest pores will be 
the first to be filled with liquid and then gradually wider ones 

will fill. For the same gel, the relative vapor-pressure — aceord- 

P. 

ing to Patrick, depends only on the volume already filled. (Just 
as in the case of Polanyi’s work, the molecular liquid-volume is of 
great importance here.) From the knowledge of one isotherm 
and the change of density of the liquid with the temperature, it is 
possible to calculate the other isotherms. 

However, the adsorbed liquid-volume at constant relative 
pressure appeared to be smaller at higher temperature, except for 

— =1; there the liquid-volume is about constant. According 
P. 

to Patrick the liquid is submitted to a negative pressure, in that 
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the surface tension will try to make the interface liquid-vapor as 
small as possible by filling the capillaries as far as possible. The 
density is smaller than the normal value and approaches the latter 

as — approaches 1. 

PB 

Lord Kelvin’s equation not being applicable to radii of curva- 
ture of molecular dimensions, Patrick used an empirical formula 

in which V represents the liquid-volume, o- the surface tension 

and K and - are constants. The formiila corresponds to the 
n 

facts fairly well except at sma^l relative vapor-pressures and near 
the critical temperature. The formula does not show, however, 
that the influence of a on P must be different at different relative 

vapor-pressures and that at — = 1, F is constant. Since V 

P. 

becomes smaller with increasing T at the same — , multiplication 

P8 

by a quantity, which decreases at higher temperature, will im- 
prove the agreement. Gregg (32) therefore tried ^ instead of 

the surface tension, used by Patrick, and found that, in general, 
this was more satisfactory. 

Patrick explains the decrease in V at constant -- with higher T 

Ps 

from the abnormal density of the liquid. However, this argu- 
ment is completely refuted by Coolidge (13). He pointed out 
that V must change with T, as V depends on v and on the density 
of the liquid and the dependencies of those quantities on T do not 
neutralize each other. 

It is not logical to try to attribute adsorption at Hmall concen- 
trations to capillary condensation. This appears only when the 
surface is completely wetted by the liquid, i.e. when the cohesion 
is much smaller than the adhesion. If the cohesion is greater. 
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the meniscus is lower in a capillary than in a wide tube (Hg in 
glass) and the vapor-pressure over the curved surface is greater 
than the normal one. When the adhesion is greater, Patrick 
explains everything by means of cohesion, or what comes to the 
same thing, by means of smiace tension. 

As long as the influence of the surface is mainly a direct one, 
we have to do with adsorption. We speak of capillary conden- 
sation only when, owing to the form of the surface, an arriving 
molecule comes into the field of force of more adsorbed molecules 
than it would in the case of a plane surface, and is then held by 
them. The influence of the surface Is then entirely indirect. 

This is also the case, when the electric conditions of the surface 
cause an induced cohesion. De Boer has given a beautiful ex- 
ample of this kind. He determined the quantity of iodine ad- 
sorbed at different pressures by a small layer of calcium fluoride 
on a glass surface. The surface of the CaF* layer being larger 
than that of the glass covered by it, the thickness of the adsorp- 
tion layer cannot be calculated with absolute accmacy from the 
quantity adsorbed; probably it has the thickness of many mole- 
cules. When the iodine vapor was saturated, a layer of iodine 
could be perceived on the uncovered glass. 

The explanation for the thickness of the layer is that the first 
layer of iodine is bound by the field of force of the calciiun and 
fluoride ions; consequently the atoms of iodine become dipoles, 
which in their turn can adsorb a next layer. As a matter of fact 
the polarizing effect becomes weaker in following layers. This 
induced cohesion, which is important in many cases, cannot be 
separated from pure adsorption. 

Moreover, the limit between capillary. condensation and ad- 
sorption is also very difiicult, if not impossible, to stipulate. In 
fact, we ought to unroll the curved surface and see whether the 
same quantity remained on it; if so, we have to do with adsorp- 
tion. 

In section IV we have seen that sometimes one can conclude 
from the curves for the heat of adsorption, where the capillaries 
are filled. In the cases discussed above (ether and pentane on 
charcoal), the adhesion was great with regard to the cohesion, so 
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that each molecule was drawn as near as possible to the surface 
of the charcoal. With the cocoanut charcoal of Lamb and 
Coolidge it appeared that at about A = 23 ncc. the second layer 
began; at saturation, about 100 normal cubic centimeters were 
adsorbed; the thickness of the layer will therefore be four to five 
molecules, i.e. the average diameter of a capillary is that of nine 
ether molecules. It is now evident from the curve for the heat 
of adsorption, that the charcoal surface is covered almost entirely 
and regularly on all sides with a layer which has the thickness of 
four molecules, and only when the pressure is almost equal to 
that of the saturated vapor does the last layer come into the 
capillary. In such cases one is not justified in making a distinc- 
tion between capillary condensation and adsorption. 

However, this may be important when the pores of the adsorb- 
ent differ very much in width, or when the adhesion is not as 
great in proportion to the cohesion as in the cases above. Then 
at increasing concentration pores will be filled gradually and the 
surface energy will be gradually liberated as heat, i.e. the heat of 
adsorption will not show a steep rise near saturation and will 
possibly not rise at all (compare for instance the curve for SOj 
on blood charcoal, figure 5). Therefore the influence not only of 
the inner volume, but of the whole structure of the adsorbent 
appears to be great. 

Langmuir alone calls adsorption a chemical phenomenon; 
crystallization and evaporation also belong, according to his 
opinion, to this category. Langmuir holds the unsaturated 
valences of the surface atoms responsible for the adsorption. On 
the sxirface a number of equivalent spaces, “elementary spaces” 
are available, which, in the most simple case, can contain one 
molecule of the adsorptive each. Langmuir works with adsorb- 
ents of known surface and considers the equilibrium from the 
standpoint, of the kinetic gas theory: the number of molecules 
leaving the surface per unit of time is equal to the number cling- 
ing upon it. The number of molecules which collide depends on 
the pressure, the temperature and the molecular weight of the 
substance; the munber which cling depends on the probability 
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of adhesion and on the occupation of the surface; the number 
which evaporate also depends on the occupation and on the rate 
of evaporation. From this Langmuir comes to the formula for 

the isotherm A = - — , in which a is a constant, depending on 

1 + 6p 

the munber of elementary spaces per unit area, and h a constant, 
depending on the probability of adhesion and the rate of evapora- 
tion from a fully occupied surface. Then 

p P . 1 
A a ah 

V 

^ drawn against p must give a straight line, from which o and 

A 

b can be found graphically. If Langmuir draws his determinar 
tions (at 90°K and 155°K) in this way, the curve is indeed 
straight, if the pressures are not situated far from each other 
(the greatest pressure applied by him is 172 bar = 0.13 mm. Hg). 
Moreover, Langmuir finds, in two or three control series, other 
constants in his formula, so that, when calculating A at deter- 
mined p, using the various constants, we find values which differ 
by 30 per cent. If Langmuir calculates from the constants found 
the number of elementary spaces per unit area, he finds at 90°K 
for mica sometimes 9 X 10“, sometimes sue times as much. For 
glass the differences are still greater. 

Langmuir himself disregards the quantity adsorbed in a blank 
experiment (possibly on the wall of the apparatus), which amoimts 
to 10 to 30 per cent of the quantity foimd in the real experiment, 
since this amount does not surpass the experimental error. The 
cause of these large experimental errors and the poor agreement 
between control determinations is in the first place due to fluc- 
tuations in the temperature (against which no precautions were 
taken), and further to the inaccuracy of A, which was calculated 
from a small difference of pressure in a large volume. 

The accuracy of Langmuir’s experichents is not greater than up 
to 30 per cent; probably it is hardly possible to obtain a greater 
accuracy at these very small pressures, but the question arises 
as to whether such determinations are adequate to prove a theory. 
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The cases where the curve of — against p is not at all straight, 

A 

Langmuir ascribes to the existence of various kinds of places on 
the surface. For this case he derives a complicated formula, 
which contains two constants for each kind of place. Also the 
possibility that an elementary space can contain more than one 
molecule, is considered; this also leads to a formula with many 
constants. In this manner indeed values calculated and found 
can be brought to agreement, but the practical usefulness of 
such a formula is then strongly reduced. 

Zeise finds that for his determinations on glass the formula 

must be A. = J which means that two spots of adsorption 

hold one gas molecule. However, he also uses in control deter- 
minations other constants, which differ much. Zeise (as well as 
Langmuir) thinks the theory also applicable on charcoal as an 
adsorbent and he calculates data of Miss Homfray, Titoff and 
Richardson with Langmuir’s formula, and finds the agreement 
very satisfactory. 

Polanyi (71) observes that the way in which the constants 
depend on the temperature should be quite different from what 
it really is, if the constants had the meaning ascribed to them by 
Langmuir. He is of the opinion that the assumption that the 
number of elementary spaces per square centimeter of surface 
varies strongly with the temperature, is unjustified. 

Probably from the agreement with the facts, resulting from 
Langmuir’s formula of adsorption on charcoal and at higher 
pressures, we may conclude that the formula has a great flexibility 
and therefore is able to represent the facts fairly well, even in the 
cases where the h3q)otheses of Langmuir seem to be not quite 
correct. 

Originally Langmuir assumed that the adsorbed molecules had 
no influence on each other. Later on (51) he reversed his opin- 
ion on this, and he agrees with Clausing when the latter states 
“that there is more work required to have a molecule (of a metal 
vapor) evaporated, when it is situated quite close to another one 
on the glass wall, than if it is present there individually. The 
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rate of evaporation is greatest for isolated molecules.” The 
difference will be greater in proportion as the cohesion is greater 
and the adhesion smaller. Only when the adhesion is greatest, 
may one neglect the influence of the adsorbed molecules on each 
other at small pressures. 

The fact that the thickness of the layer is no more than that of 
one molecule at the small pressure at which Langmuir worked, 
does not mean anything as to the condition at greater pressures. 
The quantities of gas obtained by Langmuir when evacuating his 
adsorbents, are often much too large for a monomolecular liquid 
layer on the known surface. Here we must draw attention to 
the fact that according to experiments made by Frazer, Patrick 
and Smith the surface of glass is usually not smooth. Glass 
which has been in contact with a trace of water is covered with 
a layer of silica gel, which has a large iimer surface so that the 
active surface of glass is unknown in most cases. 

Langmuir does not prove that the adsorption layer is monomo- 
lecular, but he assumes that only the quantity present in the 
first layer is bound by adsorption. Against this h 3 q)othesis 
many objections can be raised. 

Reichenstein (74) has come to the same form for the isotherm as 
found by Langmuir, but in a quite different way. He considers 
the adsorption volume as if it were a solvent between two other 
solvents (solid and gas). The relation between the concentra- 
tions depends on Henry’s law and on the distribution coefficients. 
According to Reichenstein’s “displacement principle,” the sum 
of the concentrations of all substances in the adsorption layer is 
constant. In this the concentration of the adsorbent is also 
included, i.e. a certain number of molecules of the solid which 
cause adsorption. 

If the concentration of one gas in the adsorption space is 
expressed in terms of the other concentrations with the aid of the 
distribution coefficients and the constant sum in question, the 
formula obtained in the case of one adsorptive has the same 
form as Langmuir’s isotherm. The theory cannot be right 
however, as it has appeared from various experiments that at 
adsorption of a mixture of two gases, the sum of the quantities 
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adsorbed is greater than the quantity of one of the two gases, 
which would be adsorbed if it were present separately with the 
same pressure (Bergter and others). Therefore the concentra- 
tion of the solid in the adsorption volume must be smaller than 
in the case of only one gas being present, i.e. fewer molecules of 
the adsorbent participate in the adsorption. We meet with a 
similar case when only one gas is adsorbed at increasing concen- 
trations; the more there is being adsorbed, the less adsorbent 
should participate. This is inconceivable. In fact, Henry’s 
law is applicable only at temperatures far above the critical one, 
and at not too great pressures. In such cases all relations are 
much simpler; here it is possible (Lorenz and Land6) to apply 
the law of the corresponding states to the adsorption, and to 
express the adsorption of various gases on the same adsorbent in 
one diagram, reduced to critical quantities. 

What we have said above leads to this unsatisfactory conclu- 
sion; that there is neither an empirical equation nor a theoretical 
one which can account for all the data which experiments have 
given us. Everyone will be inclined to put this question: What 
is, in your opinion, the right equation for the adsorption isotherm 
— the empirical equation of Freundlich, or the theoretical one of 
Langmuir, or another one? We are obliged to reply that we 
cannot give a general answer to that question, since none of the 
experimental equations and none of the theoretical equations, 
given up to now, is correct. 

The empirical equation of Freundlich A = apl, cannot express 
saturation; moreover the initial slope is always infinite, which in 
reality is the case only at low temperatures and great adhesion. 

According to Langmuir - drawn against p must give a straight 

A. 

d — 

line, consequently 4, must be constant. According to Freund- 
dp 

lich this is the same as 
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This must be constant, therefore 1 — - must increase in propor- 

n 

tion to the increase of A. Saturation can indeed be expressed 
by Langmuir’s isotherm. 

According as - = ^lELd: remains rather constant, or decreases 
n dlap 

at greater concentrations, either the formula of FreundUch or 
that of Langmuir is most fit for use. Titoff and many others 

always give the values for calculated from their figures. From 

n 

this the insufficiency of both equations is evident at a glance. 

For N* at — 79°C., - falls from 0.74 to 0.40; on the contrary at 
n 

+151.5®C., - increases from 0.89 to 1.02. For NHa at 30°C., 
n 

- first increases with rising p from 0.42 to 0.79, and then falls 
n 

again to 0.40. 

Williams recommends as isotherm In— - Bo — BiA (Bo and 

V 

Bi are constants). The derivation is not at all convincing, but 
at small concentrations (up to ±30 per cent of the value of 
saturation) the formula represents the facts fairly well. 

The formula of Arrhenius 

^dA C - A 
^ dp” A 

(iiC is a constant and C is the saturation-quantity) is useful, 
especially at great concentrations and near saturation. This 
equation is analogous to that used by Schmidt for adsorption 
from solutions. 

All these formulas are equally adequate; each has a domain in 
which it is useful, but none of them is able to express a complete 
isotherm at lower temperatures. 

This is not at all strange, because many different items are 
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important for the various parts of the isotherm. The initial 
slope and the beginning of an isotherm are determined by: 

1. The chemical forces between adsorbent and adsorptive, 

2. The temperature and the duration of the activating and 
outgassing of the adsorbent, 

3. The specific surface of the adsorbent, 

4. The condensability of the adsorptive, 

5. The electric qualities of the adsorptive (the di-electric con- 
stant, whether the adsorptive molecule is a dipole, etc.). 

Moreover, at greater pressures, the following are important 
(besides what has been mentioned already under 3, 4 and 5) : 

6. The molecular volume of the adsorptive, 

7. The inner volume of the adsorbent, 

8. The compressibility of the adsorptive. 

It is obvious that all these magnitudes cannot be expressed in 
one concise useful equation. 

As is evident from this summary only in the very first part 
of the isotherm are the chemical forces very important. 

The adsorption at greater concentrations may be expressed 
in a physical theory, such as that of Goldmann and Polanyi, but 
from this it may never be concluded that the adsorption is not 
specific and has nothing to do with chemical forces. 
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1. INTRODUCTION 

Theoretical organic chemistry appears at the present time to be 
in a transitional phase of development. It is becoming increas- 
ingly difficult to reconcile experimental developmente with the 
classical theories, and as yet relatively few of the host of new 
theoretical ideas seem to have achieved any considerable success. 

The present state of disorder is due chiefly to the influence of 
modem physics, and may be ascribed for the most part to two 
general underlying causes. One of these is the attempt to apply 
the electronic conception of valence to organic compoimds. The 
replacement of the time-honored but meaningless line bond by an 
electron pair would seem to be certain to revolutionize our ideas of 
valence and hence most of ovir fimdamental theories. The results 
in this direction thus far have indeed not been negative, but they 
have frequently brought confu^on rather than clarity. 

Most of the classical problems of the science, such as tautomer- 
ism, the stmcture of benzene, rearrangements, relation of physical 
properties to constitution, steric hindrance — ^all these and many 
others — ^have been translated into the new terms, and each has 
given rise not, as was to be hoped, to one clear and consistent 
version, but rather to a number of conflicting specqlations. Thus, 
in going forward, theory has experienced that increased disorder 
which is characteristic of transitional jffiases in development. 

The second factor contributing to the present state of theoreti- 

^ Presented at the Third Organic Symposium of the American Chemical Society 
held at Princeton, New Jersey, January 1, 1930. 
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cal disarray comes from new and improved technical methods 
which have given us new types of data on such subjects as crystal 
structure, electrical moment, molecular volume and optical prop- 
erties. These new data are often very difficult to explain in 
terms of our old theories. 

In general, it is doubtful whether or not recent theoretical 
speculations and improved technical methods have in any very 
real sense consolidated the problems before us. Yet in view of 
these, it is hard to believe that the classical treatment of the 
chemistry of carbon compoimds can survive without serious 
modification. 

This state of affairs greatly enhances the difficulty of preparing 
an unbiased report of progress, for it is only here and there that we 
can single out a contribution which we can confidently label as a 
step forward. It is true, however, that these contributions 
present a certain unity in that they are chiefly concerned in some 
way with ouf notions of valence. Accordingly, for this review 
there have been selected from the mass of valuable material avail- 
able, a few outstanding contributions in the general field of 
valence. No attempt has been made to select the material on 
the basis of relative merit but, rather, those studies have been 
included which, it is felt, best illustrate the general trends dis- 
cernible in the development of the field. 

For convenience of treatment the development of valence 
theory as applied to organic chemistry may be divided, following 
the chronological order, into four general phases. 

1. The first of these is the concept of valence as made up of a 
definite number of discrete linkages — an idea which was first 
fully recognized in 1858 when Kekul4 showed that carbon is 
tetravalent. 

2. Next came the question of the spatial arrangement of the 
bonds. In 1874 van't Hoff proposed the tetrahedral form for the 
carbon atom, thus laying the foundation for modern stereo- 
chemistry. 

3. As a sort of corollary of this, there arose the question of dis- 
tortion of the tetrahedral form — a question which brought for- 
ward in 1885 the celebrated strain theory of Baeyer. 
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4. Finals, following the electEon theory put forward simulta- 
neously in 1916 by Lewis and by Kossel, we have the study of the 
physical nature of the bond. 

Although these general problems are no longer new, each 
continues to stimulate a vast amount of research, and each has 
brought forth important developments within the period under 
consideration.* It will be convenient, therefore, to discuss the 
various contributions by reference to their relation to the fore- 
going outline. 


II. CONSTANCY OP VALENCE NinUBEB 

The constancy of the valence numbers of carbon, hydrogen, 
oxygen, nitrogen and other elements commonly found in organic 
compotmds Ipng ago reached the stage of certainty which corres- 
ponds to that of a law rather than of a theory. Indeed, the inter- 
est ip this connection has long sipce come to be centered rather 
about the exceptions to this law. Thus we have the development 
of the chemistry of divalent and trivalent carbon, of divalent nitro- 
gen and of univalent oxygen in which these elements exhibit 
unusual valence numbers. The classification of free radicals as 
“odd molecules”, i. e., molecules having an impaired electron, 
has given a satisfactory explanation of their pecuhar properties. 
In general, therefore, the behavior of these compounds has been 
such as to “prove the rules” of normal valence. 

Of unusual interest is the announcement by Paneth and 
Hof edits of the production of free methyl by thermal decomposi- 
tion of lead tetramethyl (1). Subsequent work by Schultze and 
Muller (2) has shown, however, that Paneth’s observations may 
be ascribed to the action of atomic hydrogen. The conclusions 
of Paneth are thus left open to question. 

Among abnormal valence compounds those of divalent carbon 
have not yet been adequately fitted into our general picture. 
For this reason the work of Scheibler in this field commands first 
attention. Scheibler and Ziegner, in an investigation of the 

* An attempt has been made to restrict this review to the developments which 
have appeared during the period from 1924 to 1929, inclusive; but, as will be seen, 
the discussion has required frequent reference to earlier papers. 
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mechaoism of the acetoacetic ester condensation (3), discovered a 
general method for the preparation of ketene acetals — a class of 
compounds hitherto practically unknown. The method consists 
in treating an ester with an equimolecular amount of the sodium 
derivative of the ester in cold dilute ether solution. The addi- 
tion product when decomposed by water yields the ketene acetal: 


R R OR 

H,0 \ \ / 

► CHCOjNa + C=C 

/ / \ 

R R OR 


The most interesting of the acetals is that obtained from ethyl 
diethoxy acetate: 


C^,0 OC,H, C.H,0 

\ / \ 

0=0 0 

/ \ / 

C,H,0 ' OC,H, C,H,0 

I II 


This should lead to tetraethoxy ethylene (I). The product ob- 
tained, however, has only half the calculated molecular weight 
and has been assigned the structure II — diethoxymethylene — ^in 
which there is a divalent carbon atom. 

The physical and chemical properties are in good agreement 
with this formula. The compound, like ethers and ordinary 
acetals, is stable to alkali, and is readily hydrolyzed in the pres- 
ence of acids to give carbon monoxide and alcohol: 

(C,H,0),C + H,0 2 C,H,OH + CO. 

When heated the acetal yields carbon monoxide and diethyl 
ether: 

(C,H,0),C » C,Hr-0— C,H, + CO. 


\ 

CH— 0=0 

/ \ 

R OR 


R ONa 

\ / 

C = C 

/ \ 

R OR 
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It is not attacked by bromine and only slowly by alkaline per- 
manganate. There is a very marked exaltation of the molecular 
refractivity. Diethoxymethylene is of particular interest among 
divalent carbon compounds because it is the first example con- 
taining a divalent carbon atom attached to two tmivalent radi- 
cals (4). 

Although the existence of diethoxymethylene appears to be 
consistent with the dissociation series of Staudinger and Engle 
(6), very recent work has shown that it nevertheless occupies a 
unique position. Scheibler and Baumann (6) have shown that 
imsjnmmetrical diethoxydiphenoxyethylene is stable to heat. 
It is interesting to note also that'tetramethyltetrathioethylene 
and tetraethyltetrathioethylene have likewise been shown to be 
stable to heat (7). 

HI. SPATIAL ARRANGEMENT OP BONDS 

The second phase of valence development, which concerns the 
spatial arrangement of the bonds, has produced an adequate 
theoretical explanation of the facts of stereochemistry by the 
assumption of a tetraliedral form for the carbon atom. Much 
dispute, however, exists over the question of a tetrahedral form 
for nitrogen. Of first interest in this field, therefore, is the work 
of Mills and his students with reference to the nitrogen atom in 
ammonium compounds. These investigators have continued to 
add to the evidence favoring the tetrahedral as opposed to the 
pyramidal form for the nitrogen atom in these compounds. In 
1925 Mills and Warren (8) resolved 4-phenyl-4'-carbethoxybi8- 
pipeiddinium-l, I'-spirane bromide. 


CJi, 


CH,— CH, 

/ \ 

C N 

\ / 

CH,— CH, 


CH,— CH, 


\ 


CO,C,H, 


I Br 


H 


H 


CH,— CH, 


It had previously been shown that : 

1. The four bonds of nitrogen are interequivalent. 
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2. Quartemary ammonium salts containing four dissimilar 
groups are resolvable into enantiomorphous forms. 

3. Position isomerism does not occur in these compounds. 

The pyramidal and the tetrahedral forms are, therefore, the 

only ones which explain the facts. 

It is evident that if the nitrogen atom in the spirane bromide 
has the pyramidal form there will be a plane of symmetry and, 
therefore, no possibility of resolution into enantiomers. The 
tetrahedral form, on the other hand, is as 3 mmetrical and should 
be resolvable. Mills, Parkin and Ward (9) have continued this 
study by investigating the isomerism of compomds of the type: 

R 


[R 

According to the tetrahedral formula these should exist in two 
geometrical non-resolvable isomers which become identical when 
R' and R" are the same. On the other hand, a pyramidal nitro- 
gen atom would give rise to two resolvable compounds in each 
case; when R' = R" two geometrical isomers would occur. Each 
of the five different salts used was found to exist in two geometric- 
ally isomeric forms, thus proving that in these compoimds also 
the nitrogen atom is tetrahedral rather than pyramidal. 

A similar disposition has been made of the case of the dimethyl- 
telluronium dihalides which were reported by Vernon (10) to 
exist in two stereoisomeric forms. This represents one of the very 
few instances in which the existence of isomerism in quadrivalent 
compounds has required the assumption of a planar aijrange- 
ment of the bonds. In a recent paper, however, Drew (11) has 
shown that the supposed stereoisomers of Vernon are actually 
different structurally. A return to the tetrahedral arrangement 
is thus made possible in the case of the tellurium atom in telluron- 
ium compounds. 

A decision in favor of the tetrahedral distribution of bonds has 


R' 


CHi— CH, / 


/ 

1 


'\ 

/ \ 


CH,— CH, \ 
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apparently been reached also in the case of the central carbon 
atom in pentaerythritol for which Mark and Weissenberg (12) 
had proposed the pyramidal form in order to explain certain 
crystallographic data. Resolution studies by Boeseken and Felix 
(13) and recent x-ray data by Knaggs (14) have thrown the bal- 
ance of evidence in favor of the commonly accepted tetrahedral 
configuration. 


IV. VALENCE DISTORTION 

In connection with the third phase of development — the ques- 
tion of distortion of linkages — ^we find considerable disagreement 
and much progress within the past few years. 


1. Stereoisomerism of diphenyl compounds 

The conception of a valence bond as directional and possessed 
of a certain degree of rigidity finds support in the isomerism 
exhibited by certain derivatives of diphenyl. A large number of 
these have been found to be resolvable into pairs of mirror images. 
Christie and Kenner (15) have resolved compounds of types 
III and IV. Compounds of t3T>e IV have also been resolved by 
Meisenheimer and Horing (16) and by Kuhn and Albrecht (17). 
More recently Moyer and Adams (18) have effected the resolu- 
tion of two compounds of type V. 



The most acceptable explanation of this type of isomerism is 
the purely mechanical one of Bell and Kenyon (19) and Mills (20), 
namely, that the groups in the ortho positions act as obstacles to 
free rotation. This view is supported by the fact that, in general, 
these compoimds are difficult to racemize. A further confirma- 
tion of the correctness of this view has been furnished by Stanley 
and Adams (21) who find that when one of the restricting groups 
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is fluorine, which has a very small atomic volume, racemization 
takes place rapidly. Thus active difluorodiphenic acid is readily 
racemized. 


S. Strain theory 

The idea that valence bonds possess a certain degree of rigidity 
is likewise involved in the new developments in strain theory. 

Large rings. The discovery by Ruzicka (22) and his students 
that the stable, naturally occurring substances muscone and cive- 
tone are constituted of large carbon rings of 15 and 17 members. 


CH 




(CH.)t 


CH / 

\ / 

(CH,), 

Civetone 


C=0 


CH, 

\ 

CH— CH, 


/ \ 

(CHOio C==0 

\ / 


CH,— CH, 


Muscone 


respectively, has at last set aside the Baeyer postulate regarding 
the instability of large rings. These investigators, following the 
lead of nature, have already achieved far-reaching synthetic 
results in the field of large carbon rings. 

By the distillation of thorium and yttrium salts of suitable 
dibasic acids Ruzicka and his co-workers (22) have prepared cy- 
clic ketones constituted of from 9 to 21 members; also those of 
29 and 30 members : 


CH, 

/ \ 

(CHOn C^ 

\ / 

CH, 


C==0 

/ \ 

(CHO. (CHOa 

\ / 

c==o 


Diketones of the type 
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are formed at the same time; of this series those of 16, 18, 20, 22 
and 30 members have been isolated and studied. By reduction of 
the mono- and diketones the corresponding hydrocarbons are 
obtained, and of these those of 15, 16, 17, 18 and 30 members have 
been reported. 

The outstanding feature of this work, at least from a theoretical 
point of view, is the fact that all of these compoimds appear to be 
fully as stable as five- and six-membered rings or, for that matter, 
as their straight-chain analogues. Thus, cycloheptadecanone 
was passed over thoria at 400-420° and recovered vmaltered. 
Cyclopentadecane and cycloheptadecane were recovered com- 
pletely after treatment with phosphorus and hydrogen iodide at 
250.° In other words, there is no positive evidence that these 
compounds involve “strain" in the Baeyerian sense. This is, of 
course, entirely in agreement with the Sachse-Mohr theory of 
strainless rings (24). 

Strainless rings. That carbon rings constituted of more than 
six carbon atoms exist in strainless multiplanar configurations 
now seems certain. If one constructs a model of one of these 
rings, using tetrahedral atoms, he will find that the model will 
naturally assume a multiplanar unstrained form. That the ring 
should assiune the strained uniplanar form when a strainless form 
is possible does not seem very likely, and now that we know that 
the large rings are stable there remains no reason to ascribe to 
them a structure postulated solely to explain their supposed in- 
stability. 

This new point of view carries with it certain new possibilities 
of isomerism and of stable endocyclic bridges, and already much 
progress has been made along these new lines. 

Huckel and his co-workers (25) have discovered anumber of new 
cases of isomerism in bicyclic systems which are predicted by 
the strainless ring theory, and are exceedingly difiicult to account 
for on the basis of imiplanar rings. One or two examples will 
suffice to show the general type of compound involved. Decahy- 
dronaphthalene has been found to exist in two forms. Huckel 
represents them as shown in figure 1. Similarly, Huckel (26) has 
isolated four /3-hydroxydecahydronaphthalenes and four /3- 
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aminodecahydronaphthalenes, the number in each case being 
that predicted by the theory. Many additional cases of isomer- 
ism of this type have since been reported. 

Endocyclic bridges. Another type of evidence in favor of the 
strainless ring theoiy is to be found in the existence of numerous 
types of endocyclic bridge structmes which, to judge from their 
stability, are nearly, if not quite, without strain. It is not pos- 
sible to give these compounds even moderately unstrained con- 
figurations on the basis of uniplanar rings. The Sachse-Mohr 
theory, on the other hand, gives to them multiplanar forms which 
would seem to be more nearly in accord with the facts. 




(*w) 



Fig. 1. Two Fobms of Dbcahydronaphthalene 


This is admirably illustrated by the important synthetic 
method of Diels and Alder (27), who have shown that the anhy- 
drides of certain unsaturated acids react with compounds contain- 
ing a system of conjugated double bonds to give 1, 4 addition 
products. Thus, maleic anhydride adds to butadiene as follows : 


CH, 

CH, / 

CO— CH ll CO— CH 



n 

CH 

/ 

0 

+ 1 — 

— » 0 

\ 

CH 

\ 


CO— CH i| CO— CH 

CHt \ 


CH 

II 

CH 
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In this same maimer 

CO— CH 

/ 

0 

\ 

CO— CH 


maleic anhydride adds to cyclohexadiene: 
CH CH 


/ \ 

CH CH, 


CH CH, 


CH 


/I \ 

CO— CH CH, OH 


/ 

O 

\ 

00— CH OH, CH 

\l / 


CH 

VI 


Compoimd VI is a good example of.a large class of compounds tiie 
stability of which can be accounted for more satisfactorily on the 
basis of strainless rings than on the basis of uniplanar rings. 

High molecular weight polymere. It should be mentioned that 
large heterocyclic rings have also been studied. Eerschbaum (28) 
has shown the essential constituent of vegetable musk to be a 
lactone of 17 members: 


(CH,)r-CO 

/ 

CH 

CH 

\ 

(CH,)r-CH, 

By oxidation of the corresponding cyclic ketones with Caro’s acid, 
Ruzicka and Stoll (29) have prepared lactones of the type 

0=0 

/ 

(CH,). 

\ 


containing rings of 13, 14, 15, 16 and 17 members. Similar 
compounds have been prepared by Lycan and Adams (30) from 
ctf-hydroxy acids. Accord^g to Staudinger, Carothers and others, 
lai^ rings of this type probably also exist in high molecular 
wei^t polymers. 
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V. THE ELECTKON THEOEY OP VALENCE 

The chief value of the electron theory of valence has been in the 
explanation of the differences which exist between bonds. For, 
although previous to 1916 there was no clear idea as to the physi- 
cal nature of bonds, the evidence showed that they were not all 
alike. They were of three distinctly different types and served to 
divide chemistry into as many apparently irreconcilable groups. 
How the advent of the electron theory has removed these barriers 
and given us a consistent picture of the whole will be best appre- 
ciated by a glance at the situation which existed in 1916 and the 
historical developments which led up to it. 

At that time there were recognized three types of bonds, each 
more or less successful in its own domain but of little or no value 
outside of it. There was the ionizing type of bond, dating from 
1812 when Berzelius put forth his celebrated theory of chemical 
union by electrostatic attraction. Although long in disrepute, 
the Berzelian theory in modified form still served to explain the 
properties of a large number of inorganic compounds. 

The rise and development of organic chemistry is inseparably 
linked with the non-ionizing type of bond, which seemed to have 
nothing in common with the ionizing bond and, beginning about 
1840, served to split the science of chemistry into the two major 
divisions which exist today. 

About 1892 Werner put forth his theory of coordination and, 
in order to account for the properties of the compoimds under 
consideration, invented a third type of valence — ^the coordinate. 
By 1911 the body of facts in support of Werner’s ideas had shown 
that this new type of valence was as successful in its own domain 
as were the older types in theirs. 

1. The polar bond 

The ionizable or polar bond was given an adequate explanation 
in Kossel’s early paper, in which he ascribed the electrostatic 
bonding force to the passage of an electron from one atom to the 
other. This gives one of the atoms an extra electron and, there- 
fore, a negative charge. The other atom, having lost one elec- 
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tron, is positively charged, and what has been called the valence 
bond is the electrostatic attraction of these two oppositely charged 
ions. 


2. The norirpolar bond 

In Lewis’ paper, published in 1916, it is postulated that the non- 
ionizable or non-polar bond consists of a pair of electrons shared 
jointly by the two atoms, each contributing one electron to the 
pair. The idea that the bonding pair is often shared unequally 
and in the extreme case is taken over entirely by one of the atoms 
served to explain the observed differences m polarity. 

3. The semipolar bond 

The coordinate or semipolar linkage of Werner has not been 
so easy to explain. It turns out to be a bond consisting of a pair 
of electrons, both of which are contributed by one and the same 
atom. Actually this type of bond may be thought of as a double 
bond made up of one non-polar bond and one polar bond. For, 
since the electron pair is furnished solely by one of the uniting 
atoms, this atom effectually loses one electron (one half of the 
pair) and the other atom gains it. The donor, therefore, carries 
a positive charge and the acceptor a negative charge. The case of 
the amine oxides is a good example. 

R 

R:N:6: 

R ’ 

Here the oxygen atom in sharing the lone pair of the nitrogen 
atom has seven electrons and is therefore negatively charged. 
The nitrogen atom having given up half of its lone pair of elec- 
trons is positively charged. 

It is evidence in support of this explanation of coordination with 
which we have had to do in organic chemistry during the past 
few years. This work has indicated that (I) there are two distinct 
types of double bonds and (S) one of these types is unsyrnrnetrical. 
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4. The parachor 

The division of double bonds into non-polar and semipolar 
groups has been accomplished through Sugden’s concept, the 
parachor (31). This quantity, which is a measure of molecular 
volume, is arrived at from Macleod’s equation for the relationship 
between surface tension and density for normal liquids. 

y = CiD-d)* 

where y - surface tension, D ~ density of the liquid and d «= 
density of the vapor, all measured at the same temperature. 
For non-associated substances, C is a characteristic constant 
independent of temperature. 

If the fourth root of C is multiplied by the molecular weight we 
get 

where P has the dimensions of volume and, for low temperatures 
where d is small, is in fact the molecular volume. 

This quantity P, known as the parachor, has been found to be 
related to chemical composition and is an additive fimction of 
the atomic and structural units. The presence of a double bond, 
for example, has been found to increase the parachor by 23.2 units. 
This value holds for all double bonds involving carbon but in 
many cases of double bonds between other elements, such as sul- 
fiur and oxygen or nitrogen and sulfur, an entirely different value 
of -1.6 units is obtained. The remarkable thing about these 
results is that the values for the double bonds examined fall 
sharply into one or the other of these two classes. These results 
indicate that double bonds are of two classes. 

The final proof that the double bonds of parachor values of 
—1.6 correspond to the semipolar Imkages came from certain 
studies which have shown these bonds to be unsymmetrical. In 
the sulfur compounds, for example, sulfoxides and sulfonic esters 
of the types VII (32) and VIII (33) should possess semipolar 
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bonds. The plausibility of this assumpti<Hi will be more appar- 
ent if we write the electronic structures for the compounds : 


CHiCA 

CHtC|H4 

\ 

\ 

8^—0- 

8+— 0- 

/ 

/ 

CJIiO 

H,NC.H4 

VII 

VIII 


CH/),H«:8:(); 


oci, ^ H.NCA 


These predictions have been verified by Phillips and his stud- 
ents, who have been able to resolve these compounds into pairs of 
mirror images. The presence of the semipolar bond is thus 
proved, for otherwise the molecule would be s]unmetrical and 
unresolvable. 

These authors have subsequently resolved the sulfilimine (34) 

CHiC.H4SO,:N:S:Cai,COJI 

CH, 

in which the asymmetry is referred to a semipolar bond between a 
sulfur atom and a nitrogen atom. Bell and Bennett (35) have 
extended the work in this field by a study of the disulfoxides. 
1,4-Dithiandisulf oxide has been shown to exist in two geo- 
metrically isomeric forms: 

0 - 

CH,CH, CH,OH, 

/ \ / \ 

+S 8+ +8 8+ 

1\ /I !\ / 

-0 CHiCH, o- -o CHiCH, 

During the present year these authors have examined the dioxides 
and trioxides of trimethylene trisulfide (36) . According to theory 
there should be two dioxides and two tiioxides. Experiment has 
fully confirmed these predictions. Bell and Bennett have not 
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only isolated two dioxides and two trioxides but have succeeded in 
deter minin g the configuration in each case. 


0 - 

CH,— S+ 

/ \ 

+S CH, 

1\ / 

-o CHj— S 


IX 

CH,— S 

/ \ 

+S CH, 

l\ / 

-o CH,— S+ 


o- 


o- 

I 

CH,— S+ 

/ \ 

+8 CH, 

l\ / 

-O CH,— 8+ 


o- 


XI 


CH,— 8+ 

/ l\ 

+8 O- CH, 

l\ / 

-O CH,— 8+ 


o- 


XII 


The structure of XI follows from the fact that it is obtained from 
both IX and X. XII can be obtained only from X. This 
establishes at*^once the structme of IX and X as well as that of 
XII. 


5. Optically active aci-p-nitrobutane 

A further contribution as to the nature of the semipolar bond 
has been made by Kuhn and Albrecht (37), who have isolated 
the sodium salt of active /S-nitrobutane and have found that it is 
optically active. They represent the nitro compound and its 
active salt by the following formulas: 


C,H, 0 


\ +/ 

CH— N 

/ \ 


CH, O 


C,H, O 


\ +/ 

C— N 



\ 

ONa 


Thus, according to Kuhn and Albrecht, the reaction involves the 
intramolecular displacement of a semipolar double bond. It is 
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noteworthy that this is the only instance in which a semipolar 
character has been suggested for a double bond involving a carbon 
atom. 


6. Chelate derivatives of diketones 

It has long been known that many metal enolates of /S-diketones 
exhibit anomalous physical properties in that they are not salt- 
like, but are very soluble in organic solvents and can be distilled 
or subUmed. Following the suggestion of Werner, these have 
generally been regarded as internal coordination compounds. 

The nature of these derivatives is well illustrated by the 
trimethyl platinum acetylacetone (XIII) of Menzies (38), the 
dimethyl thallium acetylacetone (XIV) of Menzies, Sidgwick, 
Cutcliffe and Fox (39) 


O— C — CHt 

/ \ 

(CH,), Pt CH 

\ / 

0=r^C— CH, 

XIII 


0— C— CH, 

/ \ 

(CH,), T1 CH 

\ / 

0=C— CH, 

XIV 


and the beryllium benzoyl camphor of Brngess and Lowry (XV) 
(40). 


C.H. 


\ 

P ® 0=C CJHm 

^ \ / \ / 

C Be C 




C,H,4 C=0 


0-C 




C,H. 


XV 


In terms of the new valence theory the beryllium atom in XV is 
supposed to complete its octet by coordination with the two 
carbonyl oxygen atoms. Thus it is linked to two of the oxygen 
atoms by non-polar bonds and to the two remaining oxygens by 
semipolar bonds. 

The nature of the valency of the metals in this type of com- 
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pound has been put on a firm experimental basis by Mills and 
Gotts, who have studied the beryllium derivative of benzoyl- 
pyruvic acid. According to the theory, this compound should 
have the following structure : 


C,H, 


\ 


c — 0 


C,H, 


/ \ / , 

HC Be CH 

0=0 

/ CO,H 

HOrf) 


It should be mentioned also that this formula is supported by the 
x-ray findings of Morgan and Bragg (41), who state that in this 
compound the beryllium atom is surrounded by four oxygen atoms 
in a tetrahedral arrangement. 

This idea of a tetrahedral arrangement furnishes at once a tool 
whereby the correctness of the structure may be tested, for in 
that case the molecule as a whole will be asymmetrical and, 
therefore, capable of resolution into enantiomorphous forms. 
Experiment has fully supported these ideas. Mills and Gotts (42) 
prepared the active forms of the dimethylammonium salt of 
beryllio phenylpyruvic acid. 

The resolution of this compound demonstrates at once that the 
beryllium is actually bound simultaneously to the four oxygen 
atoms and that these are arranged in the tetrahedral form. It is 
noteworthy that the active forms of the compound are racemized 
with the utmost ease — a result which is in entire agreement with 
the formula. Similar results were obtained with the zinc and 
copper derivatives of phenylpyruvic acid. 

From these results emerges the conclusion that the bonds in- 
volved in coordination compounds have the directional properties 
of ordinary non-polar bonds — are, in a word, like the semipolar 
bonds which are fotmd in such compounds as ftmiTift oxides and 
sulfoxides. 
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7. DivaJerU hydrogen 

In view of the infonnation now available with reference to 
coordination compounds in general, it seems probable that the 
driving force behind codrdination reactions is the tendency of 
atoms to complete stable shells. In most instances the stable 
group is the octet, but in a few compounds the stable shell would 
appear to contain ten, twelve or even more electrons. It has been 
suggested by Huggins and by Latimer and Rodebush that 
hydrogen may become divalent by codrdination in such a way as 
to complete a shell of four electrons. This theory, which has 
achieved signal success in inorganic chemistry, has been used by 
the organic chemist in explaining molecular a^ociation. 

It is probable that the molecular association of water, hydrogen 
fluoride, alcohols and other hydroxyl-containing compounds is due 
to codrdination through hydrogen : 

H H 


Evidence of a conclusive nature in favor of this has been brought 
forward by Sidgwick and his students in an investigation extend- 
ing over the past fifteen years. 

It has been shown, for example (43), that in /3-diketones the 
enol form is less polar, i.e., more volatile, more soluble in organic 
solvents and less associated than the keto form. It cannot, 
therefore, have a hydroxyl group, but could exist in a chelated 
form (XVI) which would be expected to show the observed non- 
polar properties. 
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In a similar way certain orffeo-substituted phenols (44) have 
been shown to be less associated, more volatile and in general less 
polar than their meta and para isomers. The assumption that 
these compounds are chelated through hydrogen (XVII) again 
gives a satisfactory explanation of their anomalous properties. 
For the anomalously non-polar character appears only when the 
substituent next to the hydroxyl group is NOj, CHO, or COjH, 

i.e., a group which has a lone electron pair to conjugate with the 
hydrogen, and is absent when the substituent is an alkyl group, a 
group which can furnish no lone electron pair. 

VI. CONCLUSION 

In conclusion, it might be well to point out certain general 
trends which are apparent in the development of valence theory 
at the present time. 

1. The so-called classical considerations, viz. the number of 
bonds, their spatial arrangement and the problem of bond distor- 
tion, still engage the attention of the majority of investigators. 
These problems continue to yield highly significant results, illus- 
trative examples of which have been mentioned. 

2. Certain rather surprising developments, notably the explana- 
tion of the isomerism of diphenyl compoimds and the theory of 
strainless rings, seem to require the return to a more rigid type of 
model for the tetrahedral carbon atom. 

3. The electron theory of valence has consolidated the various 
fields of chemistry by an explanation of the differences in the 
bonds characteristic of these fields. 

4. Finally, it might be pointed out that the great importance 
of the problem of reaction mechanism has gained more general 
recognition. Nothing is more eloquent of this than the vast 
amoimt of work which has been done in an attempt to apply the 
new valence theory to the problem. Moreover, nothing shows 
more clearly than these attempts the real inadequacy of the 
theory in its present form. Reaction mechanism certainly calls 
for a dynamic theory of valence, and in this respect the new 
theory is open to essentially the same criticism as was the old — it 
is a static theory. It might be predicted, and it is certainly to be 
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hoped that the next great step ahead in the field of valence will 
be in this direction. 
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The term “micelle” was invented by Nageli (1) to ijepresent a 
colloidal particle. The term has been used in a number of senses, 
many of them loosely defined. We shall attempt in this paper to 
amplify the discussion of the thermodynamic consequences of 
the term in its broadest aspect, and we shah particularly study 
the electrolytic micelle as used by McBain (2), which postulates 
that a simple ion formed by the dissociation of certain electro- 
i 3 rtes may be considered replaced by a heavily hydrated poly- 
valent ion or micelle. The thermodynamic and physdcal proper- 
ties of soap solutions and of alkali silicate solutions have been 
explained by means of this concept (3). We shall also consider 
the extension of the idea of micelles to complexes and the property 
of base exchange in relation to electrolytic micelles, with particu- 
lar reference to a rigid micelle ion or group of rigid micelle ions. 

The class of substances which might be called by the term 
“micelle” stands intermediate between a substance of the simplest 
molecular constitution as, for instance, dilute helium gas and one 
of the most complex. Practically, we may well limit ourselves to 
a consideration of substances more complex than simple molecules 
or ions or ionic radicles, as HiO, Na+, SOr", etc. We might 
presume that the term “micelle” included all more or less definite 
complexes, but before discussing the thermodynamics of such 
systems, we shall consider the chemical individuals of which they 
are composed. We might divide the possible complexes on the 
basis of the type and degree of chemical binding which marks the 

> Presented June 16, 1928 at the Joint Meeting of the Pacific Division of the 
Ameriouii Association for the Advancement of Science and the Pacific Coast Sec- 
tions of the American Chemical Society, at Pomona College, Claremont, Cali- 
fomia. 
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various kinds of complexes or micelles. Without going too far 
into the mechanism of these chemical bindings we may roughly 
divide them into two main groups, ^ called “electronic bind- 
ings” and “interionic forces.” 

It is not possible to draw a definite line of demarcation between 
the two groups, and some may wish to offer a single meohanism 
to explain the two groups. For the purpose of our discussion, it 
is unnecessary to define the type of binding. As we shall see, 
certain types of complexes are more simply considered, if the 
assumption of the predominance of a particular type of binding is 
made. Thus, the assumption of electronic binding in a crystal of 
diamond, or in a stable complex such as Ag(NH3)2+ or Ag(CN)2-, 
enables us to predict that a crystal of diamond will act as a single 
molecule, or that the law of definite proportions will account for 
the constancy of the composition of the complex. On the other 
hand, the assumption of pure interionic forces in such crystals as 
those of potassium chloride explains the crystal lattice and the 
ease with which ions are formed from these crystals in a saturated 
water solution. In like manner, the assumption of forces closely 
related to interionic forces, as the explanation of the grouping of 
water molecules around potassium and chloride ions in solution, 
offers a mechanism for observed phenomena. We shall also 
recognize as electronic bindings such polymeric combinations as 
are frequently met with in organic chemistry, as the polymeriza- 
tion of formaldehyde, or cyanogen, and which may be the explan- 
ation of the ready “adding on” of silica to HSiOa", or of CrOs to 
CrOr-. 

The conception of micelles, from a thermod3Tiamic standpoint, 
is essentially that a system composed of micelles and solvent 
forms a homogeneous phase — ^homogeneous in the sense that the 
composition and properties of any particular portion of the phase 
is the same as that of any other portion, providing we take the 
portion so large that its average composition is the same as the 
average composition of every other portion, and that statistical 

2 A third group may include the combination of such molecules as carbon tetra- 
chloride, forming a liquid or solid in which the molecules are held by some force 
which is not here named. 



MICBLLES AND BASE EXCHANGE 


371 


methods are valid. Thus, if we consider a solution of sugar 
microscopically and portions of the phase so minute that the num- 
ber of sugar molecules is so small that statistical methods no 
longer obtain, or if we consider a portion of the homogeneous 
phase of dimensions of the order of magnitude of the molecules 
composing that phase, one may no longer consider it homo- 
geneous. So, when we speak of micelles in rapid equilibrium with 
their simple products of dissociation, we are thinking of a portion 
of a homogeneous phase sufficiently large that molecular discon- 
tinuities are not recognized. When we think of the micelle in 
the limit, that is when all the material in a solution aggregates 
into a single micelle, we have reached a point where it is difficult to 
choose so large a quantity of solution that the individual portions 
may all be said to have the same composition and properties. 
However, we may still apply statistical methods in just the same 
way that we apply such methods to the vapor pressure of tungsten 
at ordinary temperatures, where the concentration of tungsten 
atoms in equilibrium with tungsten metal is less than one in the 
whole sidereal universe. 

THE TYPICAL CRYSTAL AS A MICELLE 

Just as it is valuable to consider such an apparent absurdity 
as the concentration of tungsten vapor in equilibrium with the 
metal at ordinary temperatures, let us carry the idea of micelle 
formation to an almost absurd limit and from this viewpoint 
consider the mixture of a single crystal or of a small number of 
crystals with the saturated solution. 

Let us study not a solution which is in equilibrium with a single 
potassium chloride crystal but rather one in equilibrium with 
small crystals which do not differ appreciably in thermodynamic 
properties from a single one. Thus we may consider (4) the 
reaction 

K+ + Cl- - l/n(K,»+ + Cl,»-) ; “ = 0; S: = 1 (1) 

where n is the number of potassium or chloride atoms forming the 
crystal particle with which the solution is in equilibrium, and n+ 
and n~ are the number of charges associated with each micelle. 



372 


MEBLE BANDALL AND JESSIE T. CANN 


If we follow the usual custom in dealing with micelles, we will refer 
their activity to the same standard state as that used for the 
ions, namely the hypothetical molal solution of potassium and 
chloride ions. Consequently we write for the above reaction : 

AF” = 0; X - (m' ± ■y')V- (K,CU/(m d= 7 )* (RCl) =■ 1. (2) 

The molality of the micelle is the number of moles of potassium 
chloride crystals per thousand grams of water, which is equal to 
the number of crystals per thousand grams of water (or 55.51 
moles) divided by Avogadro’s constant (6.06 X 10**), and will 
consequently be a very small number. By virtue of the prin- 
ciples which we have already given in another place (3f), we 
should expect the activity coefl5cient of such a solution of micelles 
to be very small because of the large number of charges associated 
with each ion of the crystal micelle. However, it will be noted 
that the product of the molality and activity coefficient of the 
crystal micelle is raised to the 2/nth power which is a very small 
power, and consequently the value of the activity of the crystal 
micelle in equilibrium with potassium and chloride ions is the 
same as that of a potassium chloride solution as ordinarily de- 
fined. It is obvious, then, that, so far as our thermodynamic 
treatment is concerned, the micelle crystal^ obviate the necessity 
of considering a distinction between a homogeneous and a hetero- 
geneous solution, for we may make n as large as we please. 

However, in ordinary practice, we have found it more conven- 
ient to take the activity of the solid in the large crystal as unity 
and therefore to write the equation : 

KCKs) - K+ + C1-; AF" - -RT In (m 7 )*(KCl) (3) 

whence, combining equations 1 and 2, we find 

KCl (a) - l/n(Kn"+ + Cl,*"); AF" - -BT In (m 7 )V(K,CU. ( 4 ) 

If in the above treatment we had taken the size of the crystal 
such that 2n rather than n potassium ions and 2n chloride ions 
were united to form the micelle, then the molality of the cr3^tal 
micelle per gram-mole of KCl would have been one-half that which 
we have used. With large crystals the molal free energy is prac- 
tically independent of the size of the crystal, hence since 
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(m db 7 )’^“ •« (m' ± y'y'" where m' = 0.5m, the activity coefficient 
mvust change in such a way as to satisfy, no matter what the 
size of the ciystal, so long as it is so large that the molal free 
energy remains constant. 

It is immaterial for the thermodynamic argument whether or 
not the various potassium and chloride ions in the crystal micelle 
neutralize the electrical effect of the one upon the other, as this 
is taken care of in the measured activity coefficient. It is our pur- 
pose in introducing this more or less fancifiil idea to show the 
import of the conception of micelles in solution, to show the 
intermediate character of the micelle and to show that, from a 
thermodynamic standpoint, we are not greatly concerned with the 
mechanism of surface phenomena. The position of the micelle 
as an intermediary between the individual molecule of a solution 
and a crystal has been recognized since the inception of the 
postulate; but in many cases the idea of the colloid as a distinct 
phase has been emphasized, whereas we have shown that the 
conception is that of the crystal or micelle and its saturated 
solution, which can be treated by the same methods as those 
used for the homogeneous system. 

The reader has no doubt objected that neither potassiiun nor 
chloride ions form micelles. We might rather suggest that there 
are no intermediate steps between the typical ionic solution and 
the potassiiun chloride crystal micelles we have studied. Indeed 
the idea of a micelle (and consequently a homogeneous phase) in 
the present case has little in its favor, and the formulation on the 
basis of a heterogeneous system is much more convenient. 

MICELLE IONS 

The concept of micelles is particularly adaptable when only one 
of the ion constituents has a tendency to form these aggregates 
and the other constituent remains in the ordinary ionic form, as, 
for example, m the case of the soaps and silicates. 

We will now consider the case represented by 

B- - 1/n B,-; K - (•»7)«/»(B.«-)/(fnY) (B") (« 

in which the positive ion A+ does not form intermediate micelles 
of the type represented for the negative ion in equation 5. 
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If n has a small value, such as ten, and one-tenth of the stoichio- 
metrical molality of the negative ion constituent is in the form of 
the micelle, then the molality of the univalent ion is ninety times 
that of the micelle. If n is one thousand, and ten percent is in 
the form of a micelle, then the molaUty of the univalent ion would 
be nine thousand times that of the micelle. And if, in the case of 
a single crystal of AB, in equilibrium with its saturated solution, 
we assume that one-tenth of the B ions are present in the AB 
crystal, then the molaUty of the B ion constituent in the solution 
is 9n times that of the AB crystal. But we have seen that the 
activity coefficient of such a large electrolytic crystal considered 
as a solute must necessarily be very small, so that the equilibrium 
constant in equation 5 is essentially zero, and for ordinary pur- 
poses such a way of discussing the solution is valueless. On the 
other hand, when n is small, we may speak of the molaUty of the 
micelle, of its activity coefficient, etc., as such; and it thus repre- 
sents the first stage in the formation of “insoluble” substances 
from homogeneous ionic solutions. 

When the proper nuclei are introduced into supersaturated 
solutions of typical crystalline substances, the molecules group 
themselves in a regular orientation. So, also, we think of micelles 
forming larger masses, when, for instance, a 0.2 M potassium 
pahnitate solution at 90°C. is cooled to 0°C. (3c). The molality 
of the pahnitate micelles of a definite number of charges, which 
we believe to be arranged in a particular orientation for this molec- 
ular species of micelle, is governed by the value of the equiUb- 
rium constant of the reaction in which this micelle is formed from 
its ions, and this equiUbrium constant varies with the temperature, 
depending upon the variation of the partial molal heat contents 
of the ions and micelles. 

Or, we may think of a whole series of reactions of the type: 

KBJ.-- - (6) 

and write equiUbrium constants involving the molaUties, or 
molalities times activity coefficients, of the micelles existing as 
such; and we may say either that we have equiUbrium between 
the two species of micelles or equiUbrium between the one species 
and the ions that have not formed miceUes. 
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We might also postulate the formation of a positive micelle 
according to the equation 

A+ - 1/p K (m7)'/o(A,»-+)/m7(A+). (7) 

As examples of the positive micelle, we might mention that protein 
chlorides or sulfates, in their more concentrated solutions, may 
possibly be considered to be illustrations of positive micelles, 
although we should wish to examine this point later. 

Metathesis of micelle ions 

Ordinarily, in speaking of micelle formation, there have been 
considered only those cases in which the micelle formation is 
restricted to either the positive or negative ion; and we have not 
examined specifically cases in which substances are present which 
would tend to form both positive and negative micelles; although, 
if our suppositions are correct, we might well expect metathesis 
to take place, and, at least at the points of contact of the two 
micellar masses, some of the charge on the positive micelle mi^t 
be expected to neutralize some of the charge on the negative 
micelle. But if the micelles were very large, we might also expect 
to find small positive ions, such as K+ or Na+, taking part in the 
neutralizing of a portion of the charge on the surface of the nega- 
tive micelles, and small negative ions, such as Cl“, taking part 
in the neutralizing of the charge on the positive micelle in such 
a way as to preserve the electro-neutrality over the whole surface 
of the resulting substance. This picture is similar to that of the 
well-known Helmholtz double layer. 

As an example, we may mention Fe(OH) 3 , ferric hydroxide sol 
(5) . We shall assume that it may be considered to be an agglom- 
eration of excess hydrated ferric oxide and hydrated ferric ion 
arranged in more or less definitely oriented states with CF ions 
neutralizing the charge. When this sol comes into contact with 
arsenious sulfide sol, which we might also consider to be a large 
negative micelle with Na+ as the neutralizing positive ions, there 
is formed an “insoluble” substance which retains practically all of 
such sodium and chloride ions “adsorbed” on the precipitate. It 
is not likely that the atoms in the respective sols are able to rear- 
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range themselves in such a way as to form a definite ferric thio- 
arsenite; it is more likely that they come together and retain 
to a large extent the individual structures of the micelle ions and 
thus necessarily give an opportunity for the sodium or chloride 
ions to compete for the neutralizing of charges in various parts of 
the clumping surfaces. This merely states that the ferric hydrox- 
ide sol itself is exchanging places with a certain number of sodium 
atoms at the surface of the arsenious sulfide sol. We have seen 
that the larger the number of charges on an electrolytic ion, the 
smaller the activity coefficient of that ion, and hence these precip- 
itated clumps will give lower activity coefficients than arsenious 
sulfide sol of the same size. Indeed, we might picture such a 
mixture of crystalline clumps with the property of exchange of 
positive ions at certain points and the property of exchange 
of negative ions at other points. With large amphoteric protein 
micelles, e.g. anti-bodies, etc., this is not a particularly new con- 
ception. 


THE TYPICAL IONIC CRYSTAL AS A COMPLEX 

Returning to the case of a typical ionic crystal in its saturated 
or supersaturated solution, we may think of the neutralizing effect 
of the potassium ion near the six chloride ions in the crystal and 
of the chloride ion near the six potassium ions in the lattice as 
enabling the interionic forces to bind the whole into a single 
particle just as interionic forces or electronic bindings are able to 
bind their own ions into a micelle in the case of micelle-forming 
ions. There remains, however, the fact that, when we think of a 
single crystal, such as a potassium chloride crystal in contact with 
a solution, we no longer think of it as a colloidal solution; it is 
more useful to think in other terms. However, as far as the sur- 
face layer of the crystal is concerned, there are points where the 
attraction for a positive ion is greater than that for a negative ion, 
and an equal number of points at which the attraction for a nega- 
tive ion is greater than that for a positive ion. As a matter of 
fact, all the atoms in the crystal are ultimately free to take part 
in a reaction, for if the supply of neutralizing ions in the solution 
is locally reduced, then another portion of the crystal will dissolve 
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in order to supply this deficiency. The effect at the surface of a 
potassium chloride crystal of the points of alternate attraction 
is to give a certain place orientation to the charges in the solution 
in the immediate vicinity. 


COMPLEXES 

We do not wish to enter into a mathematical discussion of the 
application of an interionic attraction model in this place. But, 
considered in a qualitative way, the effect of the distributed neu- 
tralization of the negative charge, postulated for the chloride 
micelle in equation 1, by the postdated charge upon the positive 
potassium micelle is to lower the calculated activity coefficient, 
just as the “association” assumed by Bjerrum (6) lowers the 
calculated activity coefficient of potassium nitrate. 

Complex ions, of the type Ag(NH»)j+ or Ag(CN)r are univers- 
ally accepted as orthodox chemical entities. These ions take part 
in equilibria such as 

AgCUs) + 2 HCN(aq) - Ag(CN),- + Cl" + 2 H+ (8) 

and show in many respects the same kind of behavior as has been 
attributed to the typical micelles. Thus, the palmitate micelle 
dissociates when the concentration of the simple palmitate ion in 
the solution is decreased; and, with these complex ions, the ion 
dissociates when one of the products of its dissociation is used up. 

We think of the formation of the complex of this type as due 
primarily to electronic binding between the component atoms; 
but some will prefer to explain the mechanism of their formation 
upon the basis of entirely interionic attraction relationships. 

The complexes we have mentioned have very small dissociation 
constants, and just as we have acids and bases with small and 
large dissociation constants, we also have complexes with large 
dissociation constants. Thus, the divalent and trivalent metal 
chlorides and sulfates, which in the crystal form, have a great 
tendency to form double salts, probably form these easily disso- 
ciated complex ions* of the types Cdir, Mg(S 04 ) 8 "~, AlCSOOr, 
CuBrs", or CoClr". 

* MoBain and Van Rysselberge, in an address before a meeting of the California 
Section of the American Chemical Society at San Francisco, May 11, 1928, re- 
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These easily dissociated complexes seem to be of interionic 
type related more closely perhaps to the crystal micelle of potas- 
sium chloride which we have chosen as an ultimate limit than to 
the complexes of the type of Ag(CN) 2 “. There is good reason 
to think that ions more complex than the types we mentioned 
may be present in very concentrated solutions, for example, of 
silver chloride in very concentrated hydrochloric acid. If three 
chloride or iodide ions should unite to form a micelle, the field or 
charge on the ion would be so great that there might be attracted 
into this combination certain types of positive ions. Alkali ions 
are not strongly attracted to the complex, although in very con- 
centrated solutions of potassium chloride we might expect to find 
evidence for the inclusion of rubidium or caesium ion (9). The 
difference may well be one of degree for the transference number 
of cadmium iodide (10) in aqueous solution is explained by McBain 
by the formation of the complex Cdls", and in concentrated solu- 
tions of this salt in propyl and amyl alcohols McBain found evi- 
dence for the existence of micelles which would not pass through a 
membrane which was permeable to the ions as they exist in water 
solution (7). 

With small bivalent and trivalent anions the tendency to form 
complex ions is much greater. We are familiar with the strong 
tendency of ferrous, cupric, cadmium, zinc, aluminum, chrom- 
ium, ferric, etc., sulfates to form double salts with the sulfates of 
the alkali metals; and the experiments of McBain and Van Ryssel- 
berge (7) support the view that these metals enter a complex nega- 
tive ion leaving the univalent cations to neutralize this charge in 
the same way that the potassium ion in a strong solution of potas- 
sium pahnitate provides the means for electro-neutrality in these 
solutions. Of course, in mixed solutions of divalent or trivalent 
bases the positive ion which enters the complex depends upon 

ported transference data which showed that the magnesium ion in mixed potas- 
sium and magnesium sulfates, the cadmium ion in mixed potassium and cadmium 
sulfates and mixed magnesium and cadmium sulfates, and the lithium ion in 
mixed potassium and lithium sulfates, moved to the anode in approximately molal 
solutions. The phenomena were ascribed by the speakers to the formation of 
complex anions of the type Cd(S04)* . J. Am, Chem. Soc. 60, 3(X)9 (1928). 
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the relative complex-forming tendency of these ions with the par- 
ticular anion. 

We may also mention the explanation of the transference num- 
bers of the alkali and alkaline earth casein salts (11). These sub- 
stances in all probability form micelles in much the same way that 
the soap micelles are formed. The alkali is foimd to travel in 
both directions, and complicated chemical formulas were devised 
(12) to account for the effect; but if we merely postulate the par- 
tial neutralization of the charge on the micelle, by charges of the 
opposite kind, held in the orientation more strongly than others 
(complexes) and therefore dragged along with the micelle under 
the influence of the current, we have an explanation which will fit 
the facts, and it is essentially the same explanation which is given 
to explain the transference numbers of cadmium iodide or of cad- 
mium sulfate in potassium sulfate solution. 

McBain and Bowden (13) showed that a fraction of the potas- 
sium ion in the more concentrated solutions of potassium laurate 
was carried to the anode, which can be explained by assuming 
that some of the potassium ions function to reduce the charge 
on the negative micelle, and in this sense we would say 
that some complex ion had been formed. Such distributed 
neutralization of the charge is, however, probably of only second- 
ary importance in this case. 

The transference measurements made by Harman (14) with 
sodium silicate solutions do not definitely show this phenomenon 
of the partial neutralization of the charge on the micelles. These, 
however, are to be regarded as smaller aggregates than those of 
the soaps in the solutions which are considered. 

The transference data of Wintgen (15), of Wintgen and Biltz 
(16) and of Wintgen and Lowenthal (17), for colloidal stannic 
oxide peptized by potassium hydroxide, for ferric oxide peptized 
by hydrochloric acid, and for chromic oxide peptized by ammo- 
nium chloride, respectively, show that a fraction of the potassium 
in the first case, and of the chloride in the second and third cases 
moves with the colloid; in other words, partially neutralizes the 
charge on the micelle. 

We may imagine the structure of these complex ions or micelles 
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to be somewhat similar to that of the potassium chloride crystal 
in which the various atoms are held in more or less definite posi- 
tions, but in which every atom is eventually free to move as it 
pleases. The crystal structure of the alums has been definitely 
determined by Wyckoff (18). These show the same kind of 
definite orientation as is shown by the potassium chloride crystal. 
Our point of departure is that at the surface of the alum cr 3 rstal, 
in contact with its saturated solution, potassium ions and some of 
the complex A 1 (S 04 ) 2 " groups come off, but- these complex 
groups are free to enter into the general equilibria of the solution. 
Even aluminum ions or sulfate ions themselves may be assumed 
to dissolve from the surface of the crystal as such. The prelimi- 
nary measurements by Latimer and Greensfelder (19) of freezing 
point lowering of caesium and rubidium alums and an impublished 
summary of freezing point measurements, show an abnormally 
low activity coefficient of the alums. It is obvious that the bind- 
ing of the positive ion into the micelle or complex is a differential 
matter. 


ORIENTATION IN MICELLES 

McBain (2) has postulated that a micelle formed by, say ten, 
palmitate ions has a definite orientation which is thought to be 
that of a flat disk. This orientation is perhaps a consequence 
of the electronic bindings. As a palmitate solution is concen- 
trated, the tendency for micelles with a larger number of ions to 
form becomes greater, and these are formed not only from the 
simple ions but also by an agglomeration of smaller micelles. 
The electronic bindings again must be a predominant characteris- 
tic of this union. The definiteness of the orientation will not be 
so marked in the case of these larger micelles formed from two or 
more smaller micelles and will not be as “perfect” as in the case of 
those formed directly from simple ions. 

Let us again consider the formation of a micelle in its simplest 
terms, i.e., the imion of two hydrated HSiOs“ ions to form a hy- 
drated (HSiOs)*"" ion. As we have seen, this implies a certain 
degree of orientation which is not present in the solution con- 
taining only HSiOr ions. And as more and more of the HSiOr 
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ions combine into the micelle, the number of atoms definitely 
oriented becomes very great; and the sodium ions associated with 
them, because of the necessity of maintaining an average electrical 
neutrality in the solution, are also more or less fixed in their orien- 
tation. On the other hand, when a potassimn chloride crystal 
forms from a solution, we have again a difference in the orientation 
of the ions, and there is a sudden change with very strong and defi- 
nite orientation forces which may or may not involve, as in the 
case of micellar formation, the elimination of ionic solvation. 

In the case of the acid sodium silicates, we saw (3f) that there 
was a tendency for the negative ion to “add” silica in varying 
proportions, and that there was a gradual transition of proper- 
ties from the sodium silicate of 1 Na«0 : 1 SiOt over to silicates with 
ratios of as high silica content as 1 NaiO;5 SiOa. We especially 
noticed the increasing tendency on the part of the solutions con- 
taining large amounts of silica to form micelles. With increasing 
amounts of silica, the viscosity of the silicates in water became 
great. 

As we consider more and more concentrated solutions, we 
find the properties merging with those of the glasses, which are 
ill-defined crystalline substances, the lack of definition of which 
may, perhaps, be due to the fact that the aggregation of several 
micelles to form a larger micelle possesses within itself a less 
definite orientation than the individual micelles that come to- 
gether. But if sufficient time were given and the thermal condi- 
tions were right, these would doubtless form crystals, because we 
know that glasses become definitely crystalline after a lapse of 
time. 

It is obvious that the forces pertaining to the formation of 
micelles will not necessarily seek out molecules or micelles of their 
own kind; hence we may expect to have slipped into the aggregate 
a molecule or so of the wrong kind, which may account for the 
indefiniteness of composition of many colloidal substances. 

We note that the tendency to form micelles is strongest with 
those substances that do not form well-defined crystals. The 
orientation force, in the case of the substances forming well- 
defined crystals, is sufficient to form immediately the definite crys- 
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tal lattice. Perhaps the relation between the micelle and the 
crystal is somewhat analogous to that between the liquid crystal 
and the crystal. It is perhaps significant that the substances 
which easily form micelles do not readily form crystals. 

There are those who will object to the designation of so simple 
an oriented aggregation as (HSiO »“)2 as a micelle, because of the 
belief that the more obvious relation is perhaps that of the com- 
plex ion. But we have taken such cases as the first step in the 
formation of the micelle, just as we have taken the crystal or the 
“amorphous” particle as the limit of the largest possible micelle. 

We have treated solutions of visible micelles as a system consist- 
ing of a homogeneous phase. We might equally well, in a very 
real sense, have said that the treatment of the discontinuities, 
for example as in the Debye and Hiickel (20) interionic attraction 
theory, lead us to consider the system heterogeneous and indeed, 
when the individual particles, or ions, become of ultramicroscopic 
size, the usual custom has been to treat these systems as hetero- 
geneous. Either viewpoint will, of course, given an equally 
correct thermodynamic interpretation of the system, and we are 
free to use the one or the other, as long as we are consistent. 
Expediency dictates the system which we will use in any particu- 
lar case. 


BASE EXCHANGE IN GENERAL 

All substances that form negative micelles in solution should 
then possess the differential base exchange properties and vice 
versa. Such systems ought to be realizable in several ways. 
A lump of gelatin placed in a mixture of chlorides should swell, 
and the ratio of bases in the gel should be different from that in 
the body of the solution. If a concentrated sodium soap solution 
is placed on the inside of a collodion cell and the cell placed in a 
solution of ammonium chloride, the ratio of the bases should be 
different. 

Some of the ideas here presented may be further illustrated by 
experiments which, although as far as we are aware have never 
been performed, must, if our ideas are correct, give the results 
which we have indicated. If potassium silicate solution, con- 
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tained within a membrane cell permeable to potassium ion but 
not to silicate ion, is placed in a beaker containing a sodium 
chloride solution, then there will be a distribution by which 
some potassium ion will pass out through the membrane and 
enough chloride ion will pass in through the membrane to estab- 
lish the Donnan equilibrium (21), and sodium ion equivalent to 
the potassium ion which has come out and also to the chloride ion 
which has gone in, will pass through the membrane. 

If we assume that the activity coefficients of the sodium and 
potassium ions outside the membrane are equal, then the ratio 
of the sodium to the potassium inside the membrane need not 
be exactly proportional to the concentrations of these ions outside 
of the membrane because of the greater specific affinity for one 
of the ions, due either to a difference in the affinity, or to a differ- 
ence in the activity coefficient due to the different “sizes” of the 
ions and a consequent different association in the Bjerrum (6) 
sense. 

If we consider the swelling of gelatin in a mixed chloride solu- 
tion, the ratio of the two ions inside the gelatin block need not be 
the same as that outside the block; and if the concentration of one 
of the substances in the mixed electrolyte is changed, we should 
expect a change in the concentration of that ion within the block, 
i.e., we should expect base exchange. 

Petrie (22) found that the amoimt of absorption of certain 
positive ions, as NH4+, K+, and Ca++, by carrot disks was not 
equivalent to the amount of absorption of negative ions such as 
NOa", Cl", SOr", and explained the phenomena by assuming that 
chemical exchange of bases, rather than absorption, occurred. 
Stiles (23) showed that in the absorption of sodium chloride by 
carrot tissue the excess Na+ absorbed was replaced by Ca++, K+ 
and Mg++ in the solution; and similar replacements were found 
by Redfem (24) and by Stoklasa (25) and his collaborators. 
There are abundant micelle-forming colloids in the carrot tissue. 

Or, consider the case of sodium and calcium soaps in the pres- 
ence of sodium and calcium ions. Here there are two ways of 
looking at the question; first, that the calcium ion and soap ion 
form an insoluble compound, calcium soap. But we might al- 
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most equally well have said that the tendency of the ions of the 
soap to form micelles has been increased by the specific attraction 
of the calcium ions which crowd out the sodium ions in the 
vicinity of the micelle, 6uad that these micelles then further 
agglomerate to form the calcium soap which is insoluble. Herein 
arises the real difficulty in reconciling the viewpoint of the 
formation of a micelle with that of a so-called insoluble compound, 
for the question arises as to when a substance is merely insoluble 
and when we have merely a large single electrolytic crystal, 
such as that of potassium chloride, in contact with a saturated 
solution. These two viewpoints must lead to the same thermo- 
dynamic result; for, as has been pointed out, thermodynamics 
does not enquire into the mechanism of a process. 

Another case of reversible base exchange is of the type studied 
by G. McP. Smith (26) and his co-workers, who studied the 
equilibrium between mixed alkali and alkaline earth metal amal- 
gams and solutions of the chlorides or other negative ions of the 
same metals. In this case rapid equilibrium is obtained be- 
tween the two liquid phases, and the relative proportion of a given 
metal in the am^gam depends upon the ratio of the molalities of 
that metal in the aqueous phase and upon the relative activity 
coefficients of the metals or metallic ions in the amalgam and 
solution, respectively. 

In the same way the composition of a mixed crystal of caesium 
and potassium alum obtained from a slightly supersaturated solu- 
tion of the salts depends upon the ratio of the molalities of the 
caesium and potassium ions, and the ratio of the activity coeffi- 
cients of these ions in the aqueous solution and their activities 
in the mixed crystal. Also, if a crystal of potassium alum is 
dropped into a saturated solution of a defiifite mixed crystal, 
there will be a dissolution or replacement of some of the potas- 
sium ion by caesium ion, but this action will not proceed many 
layers of molecules into the surface of the crystal because the 
rate of diffusion into such a dense crystal, with strong orienting 
forces, is low. We are thus able to grow crystals with alternating 
layers of different isomorphous salts by transferring from one 
solution to another. 
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BASE EXCHANGE IN ZEOLITES 

The most widely studied base-exchanging systems are those of 
the hydrated alumino-silicates. The various zeolites and silicates 
are among the most important constituents of the soils, and the 
permutites or artificial zeolites in particular have been much used 


aft 
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in technical water purification. These substances are classed as 
insoluble in water, and many of them are usually referred to as 
colloids. We shall summarize the principal communications 
relative to the properties of the zeolites, their composition and 
the theoretical explanations which have been proposed to explain 
their properties and shall finally indicate the way in which the 
foregoing point of view can be applied to these interesting sub- 
stances. 
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Analyses 

From the analyses of twenty-seven natural zeolites (27) given 
in the literature, we find a very definite, constant alkali-akaline 
earth to aluminum oxide ratio. We have shown this graphically 
by plotting these analyses, calculated in mole percents, in figure 1. 
It will be noticed that only three of these twenty-seven points lie 
out of the immediate vicinity of the other twenty-four. At least 
two-thirds of the points lie on, or else very close to the dotted line, 
which we have drawn to show this relationship. There is a con- 
siderable variation in the ratios of alkalies to alkaline earths, 
which indicates that there is no such definite relationship as we 
find in the alkah-alkaline earth to aluminum oxide ratio. 

The analyses of thirteen artificial zeolites (28), also shown 
graphically in figure 1, show the same constant alkali-alkaline 
earth to aluminum oxide ratio. Burgess and McGeorge conclude 
that zeolites are true chemical compounds, that they have a 
definite solubility and are capable of ionization. 

Methods of preparation of artificial zeolites 

A great many patents have been granted in Germany, Great 
Britain and the United States for the manufacture of artificial 
zeolites. Many of them are essentially the same, although slight 
variations occur. In general, the process consists of fusing to- 
gether an alumina mineral, aluminum silicate, or aluminate, and 
an alkali and alkali carbonate with a sufficient quantity of an 
inorganic salt, preferably a borate, to ensure that on the extrac- 
tion of the melt with water, there will remain only crystalline 
hydrated aluminum silicates (29). Frequently quartz or rocks 
rich in quartz are added, the proportions being so regulated that 
no free alkali or alkali carbonate is contained in the molten prod- 
uct (30). The transparent crystals or lamina obtained readily 
exchange their bases. It is planned that all the alkali shall com- 
bine with the AUOs and SiO* so that no gelatinous silicates or 
aluminates form when water is added (31). 

Hydrous aluminum silicates are obtained when (32) a mixture of 
sodium sulfate and carbon is substituted, in the fusion process, 
for the alkali carbonate or soda. The sodium sulfide formed com- 
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bines with the silicic acid to form a sodium silicate. Sometimes 
the molten mass is broken up and subjected to the action of steam 
under pressure (33). 

Occasionally products of approximately definite composition 
are obtained. If 2.5-3 parts of kaolin, 6-6.5 parts of sodium 
carbonate and 1. 5-2.4 parts of borax are mixed together, the mix- 
ture fused, and the melt extracted with water, a product with the 
approximate formula 3Si0»-Als0j-Na*0 is obtained (34). This 
product may be used for removing soda and potash from sacchar- 
ine juices or for purifying water. Another similar mixture con- 
sists of 56 parts of sodium carbonate, 12 parts of kaolin and 6-7 
parts of potassium carbonate (35), After fusion, this forms a 
glassy melt which is crushed, the alkalies are dissolved out with 
hot water, and then the mass is recrushed. 

Sometimes zeolites are formed by mixing solutions of alkali 
aluminate and alkali silicate, with the addition of sodiiun sulfate 
and sodium chloride, and then heating the mixture to the boiling 
point (36). The bulky precipitate is separated, washed, dried 
and calcined. (The aluminate solution is obtained by adding 
sodium hydroxide solution to a solution of an aliuninum salt until 
the precipitate first formed redissolves.) This process is called 
the wet method, and usually employs very dilute solutions of the 
reagents (37). An example mentions 6 lbs. NasSOi, 12 gals. HjO, 
844 cc. of a solution of alumina containing 45.6 grams AljOs, and 
315 grams of water glass solution at 45° Be' containing 75 grams 
of SiOj. The precipitate obtained is washed, dried into a cake, 
broken up and hydrated in hot water. 

One of the recent methods consists in forming the mixture so 
that there are two moles of CaO to each mole of SiO* (38). There 
is also added alkali metal hydroxide or carbonate to bring the ratio 
of alkali metal oxide to a point above an equivalent molecular 
proportion based on the alumina present. When the product is 
taken from the furnace, it is leached with a solution contaming 
several moles of alkaU for each mole of aliunina present. The 
recovered alumina and other products obtained from the furnace 
may be used as fertilizers. 

“Doucil” is prepared by mixing at a temperature below 20° a 
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dilute solution of sodium aluminate and neutral sodium silicate 
(39). The product contains 6 to 16 per cent of alumina depend- 
ing upon the conditions. One cubic foot will soften a thousand 
gallons of water containing ten parts of calcium oxide per one 
hundred thousand. Four poimds of sodium chloride per cubic 
foot of material are required for regeneration. It is guaranteed 
that 5 pmr cent of the dry weight of the material can be exchanged 
for calcium compounds. Experimental work gives values of 7 
to 8 per cent. 

Artificial zeolites which have been used for softening water (so 
that their Na has been replaced by Ca and Mg) are regenerated by 
treatment with a solution of sodium chloride (40). 

Water absorption and dehydration 

There has been much discussion about the manner in which 
water occurs in zeolites. Panichi (41) maintains that ultramicro- 
scopic observations indicate the crystalline character of zeolites. 
He measured the extinction angles under varying temperatures 
and accurately determined the loss of water on heating. 

Zambonini (42) claims that zeolites are “solid solutions”. 
Rothmund (43) allowed samples to stand for an hour over 1.0 A" 
HjS 04 until they took up a definite quantity of water. They 
were then heated at a definite high temperature for 30 minutes 
and hydrated as before. The initial temperature was 100° ; it was 
raised 50° each time and continued up to 1000°. Thus the tem- 
perature at which loss of water becomes irreversible was deter- 
mined. Zeolites vary as to the temperature at which they cease 
to be reversible with respect to loss of water. With silica, the 
water absorption is reversible only in a certain range, while with 
sodium permutite it is not really reversible under those conditions. 
Rothmund believes that there is a strong possibility that the 
water is held in “solid solution”. 

van Bemmelen (44), working with silica gel, states that its 
dehydration is not due to transitions of hydrates, but to physical 
changes in the structure of the gel. There is a point in the dehy- 
dration where the “volume” of the gel no longer decreases; at thds 
point pores appear, causing opaqueness; at a further point the 
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opaque mass again becomes transparent. Characteristic points 
occur at various concentrations and vapor pressures, depending 
on the manner of preparation and age of the gel, the velocity of 
dehydration and the temperature. 

Zeolites formed at lower temperatures (45) are richer in water 
(in molecular proportion) than those formed at higher temper- 
atures. The zeolites in general differ from the other hydrous 
silicates in that their water content depends upon the fineness of 
subdivision, atmospheric conditions, etc. (46). For this reason, 
marked variations are found in their anal}r8es. Natrolite was 
examined. On account of the presence of fluoride, on treatment 
with hydrochloric acid a part of the silicon escaped as silicon 
fluoride, giving low figures for silica, and the divergence in pub- 
hshed analyses no doubt results from failure to take this fact into 
account. Of twenty-four other zeolites, all showed 0.4 to 4.0 
per cent increase in water content on fine grinding. Upon this 
basis, he regards water as being chemically combined, since it 
appeared to obey the laws of definite proportions. The difference 
between the zeolites and the so-called true hydrous minerals was 
assumed to lie in the fact that the former have the same crystal 
form in both hydrous and anhydrous condition, so that on heating 
they do not disintegrate, as do the latter. 

Vapor pressure measurements were made by Lowenstein (47) 
at temperatures varying from 24.5® to 26°. The material con- 
sisted of crystalline hydrates which remained clear during dehy- 
dration. These natural zeolites lost varying amounts of water. 
Substitution of their calcium by potassium (by digesting the 
powdered mineral for about 100 hours at 100° with frequently 
renewed 10 per cent potassium chloride solution) caused a 
decrease in the amount of water present but an increase in vapor 
pressure for the same water content. Treating these potassium 
zeolites with calcium chloride solutions, artificial calcium zeo- 
Utes were obtained which proved, as regards their water content 
and vapor pressure, to be identical with the original zeolites 
within the experimental error. 

Different specimens of hydrated silicic acids showed different 
vapor pressures for the same water content. It could not be 
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determined whether this was due to chemical differences or to 
differences in colloidal state. There were no discontinuities and 
hence no definite hydrates. 

Grandjean (48) found that zeolites, after dehydration, absorb 
considerable quantities of ammonia, hydrogen sulfide, alcohol 
and sodium silicate. Absorption of iodine, bromine, calomel, 
mercury, sulfur and cinnabar caused marked changes in optical 
power, e.g., a large variation in optical angle, birefringence, and 
even a change in double refraction. 

An artificial gel — a so-called potash permutite — ^was extracted 
with potassium chloride solution by Rostworoski and Wiegner 
(49) until no more calcium could be removed. The resulting 
permutite was washed with distilled water until free of chloride 
ions. T^he potassium permutite thus prepared had the normal 
power of exchanging bases, potassium for ammonium, etc., but, 
from solutions of phosphate in the forms of KHjP 04 and KjHPOi, 
or KHjP 04 neutral toward phenolphthalein with potassimn 
hydroxide, there was no appreciable absorption of phosphate. 

G^droitz (50) found that the quantity of base absorbed in 
soils, but not “the energy of absorption”, depends on the nature 
of the cation. “Absorption energy” was greater with trivalent 
than with bivalent cations, and still less with monovalent cations. 
Calcium was absorbed more energetically than magnesium, and 
potassium than sodium. The zeolitic part of alkali soils was 
richer in sodium than in calcium. 

G6droitz (51) looks upon the retention of dispersed substances 
by soil grains as mechanical adsorption, while the exchange of 
cations from solution is looked upon as a purely physical process 
which takes place on the surface of solid particles. He considers 
the exchange of bases to take place in complex alumino-silicates. 
Ammonium chloride solution of a concentration of 1. 0-4.0 N was 
necessary for complete instantaneous base exchange. Physically 
adsorbed substances will be leached out, while those physico- 
chemically adsorbed will be retained so that the total concentra- 
tion of the solution is not changed. 
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Structure of zeolites 

BaBchieri (52) considers zeolites to be salts of ortho-silicic acid, 
of meta-silicic acid, and of di-silicic acid (53), while Lowenstein 
(47) considers them salts of various hydrated silicic acids. Thus, 
different specimens showed different vapor pressures for the 
same water content. He could not determine whether this was 
due to a chemical difference or to a difference in colloidal state, 
because no discontinuities were observed. Consequently he 
concluded that the zeolites were not definite hydrates. On one 
hand. Cans (54) maintains that zeolites are definite chemical 
compoxmds and not adsorption compoimds, on the ground that 
the Freundlich formula yields a constant with zeolites but should 
not do so with adsorption compounds. On the other hand, Wieg- 
ner (55) concludes that they are adsorption compounds because he 
found the displacement in hydrated amorphous silica gels in close 
accord with equations for adsorption reactions. Wiegner (56) 
also gives the explanation that the colloidal compound of alum- 
inum hydroxide and silica, charged positively through the alum- 
inum hydroxide, has a strong adsorptive power for OH- ions. 
He considers the cations in equivalent quantities concentrated 
in the gel water. These gels, containing these bases in the gel 
water, constitute the “double silicates with replacement power.” 
The gel is thus in adsorption equilibrium with reference to OH- 
ions when in contact with water and supersaturated with cations, 
held electrochemically in the gel water. The cations, entering 
into the capillary spaces of the gel, displace equivalent cations. 
If the capillary spaces of the gel are reduced through partial 
dehydration, then the replacement power is reduced; and if the 
gel is fused, then there is no more replacement. 

There have been attempts made to assign definite formulas to 
zeolites. Tschermak (57), from the analyses of twenty-one 
different zeolites, states that in all cases the ratio (Al)}[Ca(Sr, Ba) 
-I- Na»(K»)] exists; and that if he omitted the oxygen, ^ zeolites 
had formulas represented by Si.AUCaHsv and Si^hNaiHa, where 
z and z range from 2 to 10, and y and v from 2 to 9; or, neglect- 
ing the hydrogen, they all contained a group SisAliCaOs or 
SisAliNa«Og. This latter group he regards as the nucleus. The 
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various zeolites are regarded as compounds of one or other of 
these nuclei with a silica acid, combined water and water of 
crystallization. The silicic acid and water of hydration are sup- 
posed to form a network enclosing the nuclei. Such a structure he 
regards as offering explanation for the variation of the optical 
characters of the zeolites with loss or gain of water, the various 
adsorption phenomena and the ease with which the bases may be 
replaced. Scurti (58) in maintaining that zeolites are salts of a 
series of alumino-silicic acids, states that some of the acidic 
hydroxy groups are attached to silicon and some to aluminum, 
thus explaining amphoteric properties. He relates the acidity of 
soils to the number of hydroxy groups attached to silicon in 
comparison with the number attached to aluminum. 

Leitmeier (59) discusses the relations of colloidal and crystalline 
substances. There is great difference of opinion as to whether 
clay minerals are gels or definite chemical compounds. Gels 
of SiOs and AhOs change to crystalline forms with extreme slow- 
ness. Winchell (60) states that zeolites form a number of iso- 
morphous series, and that in any one series, variations may occur 
so that in each series Ca + 2Na (atoms) is a constant; also that 
the AljOsiCaO ratio is unity for all zeolites and that the ratio of 
(A1 -f Si) : 0 is always 1 : 2. Only a few exceptions occur. 

Weigel (61) pictures a very definite structure for zeolites. 
He states that in their formation, where the silicate particles have 
assumed a comparatively rigid lattice orientation, the solvent, in 
which the crystals form, remains within the lattice meshes, with- 
out, however, contributing to the lattice structure. Energy is 
lost through overcoming the internal pressure of the solvent, and 
this energy aids in the erection of the lattice. The latter retains 
its rigidity under various conditions, and the energy of the internal 
pressure is free and serves to bind foreign substances. The ready 
exchange of bases is explained by weakened bonds in the silicate 
lattice. He expresses the relation between temperature, the 
vapor pressure of the surroundings and the amount of adsorbed 
foreign molecules by a modified van der Waals’ equation : 

n-n/b- [B(r - TM/[a[v - nb) 
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where n is the number of adsorbed molecules in a silicate molecule, 
R is the gas constant, T the absolute temperature, T, the temper- 
ature of the saturation pressure of the liquid phase of the foreign 
substance which itself is at temperature T in the medium sur- 
roundmg the crystal, a the van der Waals’ constant of the medium 
in which the zeolite forms at the temperature and pressure in- 
volved, and b a constant. Weigel has shown that the equation 
has, within certain limits, given results conforming well to the 
experimental material available. Ridley (62) considers silicates 
to be 10- or 12-membered rings of alternate silicon or aluminum 
and oxygen atoms. Rothmund (63) has recently expressed 
the opinion that zeolites hold water in the same way as gels and 
not as hydrated salts, since the water molecules take no essential 
part in the crystal structure. 

Base Exchange 

Much has been written about base exchange in zeolites. The 
idea can be traced (64) from Way’s original papers in 1850 through 
the various commercial and industrial applications. In studying 
the subject, it is necessary to know the properties of both the 
simple silicates and the alumino-silicates. Thus Gans (65) 
found that silicates obtained from material extracted from soils 
by dilute hydrochloric acid resembled zeolites in replacement of 
their bases by salt solutions, their behavior towards boiling water, 
higher temperature, lime and soda. Consequently he divided 
zeolites into two classes, namely (1) those which very readily 
exchange their bases and {2) those in which the exchange takes a 
long time. 

In Gans’s first class the bases are united only to the aluminum; 
thus the silicic acid is combined with such groups as Al(OH)- 
(ONa) or A1 (ON a). In the second class the bases are united di- 
rectly to the silicic acid. He made artificial products of the first 
class by the action of alkali aluminate on hydrous silicic acid, 
silicious sinter, infusorial earth, etc., or on the alkali silicate solu- 
tion. A product of the second class was prepared by the action of 
an alkali silicate on aluminum hydroxide. He caUs the first class 
the aluminate-silicate-zeolites; the second class the alumina- 
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double-silicate-zeolites. The first group rarely occurs pure in 
nature. The Al-free apophyllite does not exchange its bases in a 
short time; they are therefore united to the silicic acid. He places 
zeolitic compoimds of arable field soils in the first group. Con- 
centrated ammonium chloride solutions were found to exchange 
the bases of the finely ground zeolites of the first class in two days, 
while no bases of the zeolites of the second class went into solu- 
tion. The two classes are formed by the mingling of the decom- 
position solutions of alkali aluminates and alkali silicates, or 
through hydration of aluminum silicates. If carbonic acid is 
absent the aluminate silicates of the first class form, otherwise 
those of the second class or mixtures of the two, because alumina 
is precipitated by carbonic acid. The first class is of great tech- 
nical importance, as zeolites of this class are capable of exchanging 
their lime for the alkali and trimethyl glycocoll content of molas- 
ses and therefore permit of an increased crystallization of sugar. 
By the action of calcium chloride solutions the alkali aluminate 
silicates can be changed to calcium aluminate silicates. 

Zoch (66) shook zeolites in solutions of ammonium chloride. 
He found the reaction at first comparatively rapid although equi- 
librium was reached only slowly. Thus with stilbite in grains of 
0.25-6 mm. diameter equilibrium was reached after forty to fifty 
days. Temperatme, fineness and quantity of powder, and 
strength of solution all exert an influence. There was an ex- 
change of the bases calcium, sodium and potassium only, these 
being replaced by an equivalent amount of ammonium. Alu- 
mina and silica did not pass into solution, and the amount of chlo- 
ride in the latter remained constant. Substitution was accom- 
panied by change in optical characters of the material. 

The reaction of powdered chabazite specimens with 0.1-0.66 N 
alkali chloride solutions was studied by Reiner (67) at 13° and 
60°. Base exchange was indicated by the liberated calcium. The 
data obtained show the effect of heat and of concentration of solu- 
tion in promoting base exchange. In order of their ability to 
replace calcium from the mineral, the alkalies are potassium, am- 
monium, sodium and lithium. Desmine, in which half of the cal- 
cium was replaced by potassium, reacted somewhat with silver 
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nitrate solution. A sli^t break in the time-reaction curve occurs 
when the bases reach the ratio CaO: (K»0 + Ag*0) = 1.2. Un- 
der the influence of Roentgen rays, the reaction ended in thirty 
minutes, although it was less than half complete. Without these 
rays, the reaction went more nearly to completion, if at all, but 
only after ten or more days. Reiner postulated the formation, by 
the rays, of ions in the mineral which do not exchange bases. 

In separating zeolitic powders in potassium mercuric iodide 
solution. Walker (68) found several were attacked with nearly 
complete replacement of the original sodium by potassium. 
Thus a gmelinite separated by organic liquids gave Na*0 = 10.08 
per cent andKjO = 0.69 per cent, while the same mineral separated 
as above gave Na20 = 1.20 per cent and KjO = 14.86 per cent. 
Okenite, originally containing 0.60 per cent KjO showed, after 
the separation, 2.24 per cent. Some irregularities in published 
zeolite analyses may have been due to reactions having occurred 
with separating solutions. 

Analyses were made by Hulbert (69) of three commercial 
zeolites under exactly identical conditions; first when regenerated 
with sodium chloride, and again when sufficient magnesium sulfate 
solution was passed through the silicate to bring about the most 
complete exchange or replacement of sodium by magnesium. 
The experiments were repeated with calcium chloride, and definite 
relative capacities of the zeolites for exchange of different ions 
was established. 

Vogtherr (70) concluded that the active exchangeable bases 
are embedded in the porous structure of the zeolites, in whose fine 
capillaries the exchange action takes place. He thought that 
the silicate itself, whether composed of silica alone, or in combina- 
tion with alumina or iron oxide, did not play any function in the 
exchange of bases except to furnish a medium of suitable physical 
nature. 

Base exchange in permutites is believed by Wiegner and Jenny 
(71) to depend upon ionic interchange and in turn upon the hydrar 
tion of the ions in solution. They foimd a definite relation be- 
tween the exchange and the atomic volume of the ions. 

Adsorption studies by Ramann (72) show that quartz adsorbs 
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alkaline compounds strongly, but neutral salts and acids in traces 
only. Base exchange studies with permutite by Ramann (72) 
indicate that the exchange is always in chemically equivalent 
quantities. The more easily a metal is taken up, the more diflS- 
cult it is to displace it. Ions were taken up in the following order : 
Mg<Li<Ca<Na<Ba<NH 4 <K<H. With alkaline solu- 
tions, an absorption of bases in addition to the exchange occiu’s. 
The exchange of hydrogen ions for neutral salts was incomplete. 

Frankforter and Jensen (73) made a series of preliminary exper- 
iments to determine the mechanism of the exchange reactions 
taking place when an alkali metal zeolite or permutite is treated 
with an alkaline earth metal, or vice versa, using aqueous solutions 
of sodium, calcium and barium chlorides of various concentra- 
tions. A large excess of the replacing metallic ion was necessary 
for complete exchange. Barium showed approximately 4.5 times 
the replacing power of calcium when both were present in equiva- 
lent amounts. Exchange reactions were more nearly complete 
with dilute than with concentrated solutions, an observation they 
take to indicate that these reactions are ionic. 

Equilibria in solutions of two salts of varying concentrations 
when shaken with permutite containing the same cations as the 
solution, were investigated by Giinther-Schulze (74). This was 
done with the object of ascertaining the concentration of the solu- 
tion which is in equihbrium with the permutite. The experiments 
were carried out at 22° with 50 per cent silver and 50 per cent 
ammonium, 33.33 per cent copper and 66.67 per cent ammonium, 
4 per cent lanthanum and 96 per cent ammonium permutites. 
All the solutions contained the respective salts as nitrates. The 
results show that to a certain extent the demands of the law of 
mass action are fulfilled. 

Copper chloride, acetate, formate, sulfate, chlorate, nitrate and 
bromide solutions were also investigated (75) by shaking known 
concentrations of the salts with pure potassium permutite. From 
measurements of exchange of cations between the permutite and 
the solution he drew conclusions as to the presence of complexes 
in the solution. Thus, even at greatest dilution the simple com- 
plex cation CuR+ was assumed present in practically all of the 
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copper salt solutions examined. The presence of the complex 
CusR*+ was considered proved only in the case of the copper chlo- 
ride and bromide. He thought it probable that the other salts 
exhibit the higher complex formation, which, however, is not 
present to such a great extent. The complexity of copper salt 
solutions increases at constant concentration with the strength of 
the acid, and is greater with the salts of halogen acids than with 
the salts of oxygen acids of equal strength. His data may, how- 
ever, be interpreted in a much simpler manner. 

Interchange of bases, occurring in mixed solutions containing 
two different bases, has been studied by Ramann and Spengel (76) 
by means of a permutite of moderately constant composition 
prepared in the wet way. The replacement of bases taking place 
when such a hydrated aluminum silicate was treated with neutral 
potassium, ammonium, calcium and sodium salts had the char- 
acter of a chemical change, no signs of physical adsorption being 
detectable. The interchanges were by equivalents, that of potas- 
sium and ammonium following the law of mass action. The 
curves expressing the ratios of the ions in solution and those of the 
bases in the silicates are coincident. In solutions containing 
sodium and calcium salts, the interchange of bases corresponded 
predominantly with the ratio of the ions in the solution, but 
preponderance of the calcium or sodium salts resulted in diver- 
gences dependent upon a second factor of unknown nature. Po- 
tassium and ammonium were mutually replaceable, and dis- 
placed sodium and calcium completely from the silicate; whereas 
the displacement of potassium and ammonium by sodium and cal- 
cium was incomplete. The ratios between the bases in the solu- 
tions and in the silicates have different values. Bases present in 
small proportions in the solutions were combined by the silicate 
in amounts greater than those corresponding with such propor- 
tions. Within wide limits the absolute concentrations of the 
salts in the solution are without appreciable influence on the 
composition of the silicate, this being the case even with mixtures 
of calcium salts with those of the univalent metals. 

Eomfeld (77) found that shaking for twenty minutes was suflB- 
emnt to complete the interchange of sodium in sodium permutite 
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by silver, and of silver in silver permutite by potassium, barium, 
and anunonium. In all cases except the replacement of silver by 
barium, the concentration of the solution had no effect on the 
amount of change. The change between sodium permutite and 
silver is represented by the equation 

[Ag (in permutite)/Na(in permutite) X c(Na+)/c(Ag‘‘') « 129 

In the case of silver permutite and ammonium nitrate, the 
reaction is represented by 

[Ag (in pennutite)/NH4 (in permutite) X c(NH 4 ‘'‘)/c(Ag'*’) « 37.7 
The replacement of silver by potassum is given by the equation 

[Ag (in permutite )/K (in permutite) ]*■*’ X c(K‘*’)/c(Ag+) •» 9.9 
and the replacement of silver by barium by the formula 

[Ag (in permutite)/Ba^ (in permutite) I*-* X (Ba'*"'')/c(Ag''') “l.S 

Rothmund and Komfeld (78) also found that when the finely 
powdered solid is shaken up with a salt solution, the replacement 
of the cation by some other cation reaches an equilibrium in less 
than ten minutes. They considered the reaction to be chemical 
and not merely adsorption. Experiments were carried out with 
silver and sodium permutites and the nitrates of sodium, potas- 
sium, rubidium, lithium, ammonium, thallium, and silver. If 
Cl and c» represent the concentration of the bases in the solution 
and Cl' and Ct in the solid permutite in equilibrium with the solu- 
tion, it is shown that some power /3 can be found so that the 
ratio 

(ci/c.)/(c,'/c.')e = K 

where IT is a constant. The value of is generally about 0.5. 

Rothmund and Komfeld (79) also examined bivalent and tri- 
valent ions. The theoretical relations previously derived for imi- 
univalent interchange, and extended to other types, are con- 
firmed in these cases, also, both for bi-bivalent and for uni-bivalent 
interchange. 

In the case of silicates, present in the soil, relations analogous 
to those in permutites are discussed by Ramann (80). Thus 
the replacement of the bases by alkalies and by ammonium is 
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assumed to depend upon ionic reactions: eqviivalent quantities of 
the cations are introduced into the permutites independent of the 
nature of the anion present in the solution. The composition of 
the permutite at the end of the reaction was found independent of 
the total concentration of the solution. 

The ammonium in ammoniiun permutite can be replaced by 
other bases by treatment with solutions of salts. Ramann and 
Spengel (81) found that when sodium and potassium were the 
bases used, the resulting product containing sodium, potassium, 
and ammonium in the ratio of the corresponding ions in the solu- 
tion; but when calcium was present the exchange as regards this 
base did not comply with this simple law. 

The decomposition of natural silicates, which cannot always be 
adequately accounted for by the action of water and carbonic acid, 
was thought by Ramann and Junk (82) to be related to the fol- 
lowing. The reaction, in the formation of magnesiiun permu- 
tite by the action of magnesium salts on ammonium, sodium 
and potassium permutites, is ionic; and there is no evidence of 
physical adsorption. Pure magnesium permutite could not be 
obtained, not more than half of the bases present in the original 
permutite being displaced by the magnesium. The whole of the 
ammonium in ammonium permutite could not be displaced with 
camallite or kainite solution. Mixed salt solutions decompose 
the permutite to some extent, especially solutions containing 
magnesium or ammonium. 

THE ZEOLITE AS A MICELLE 

In a previous section, we saw that the activity coefficient of a 
micelle decreases as the number of ions aggregating to form the 
micelle increases. In the limit, if all the ions, for instance the 
negative ions, in a given solution, combine to form a single micelle, 
then an extension of our ideas of the properties of an electrolytic 
solution predicts that the activity coefficient of such a micelle is 
nearly zero. In other words, the micelle still retains the charac- 
teristics of an electrolyte in much the same way that a typical 
crystal retains the properties of an electrolyte. Perhaps it is only 
a point of view which distinguishes the ordinary conception of a 
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solid solution from that which we are presenting. The same ther- 
modynamic requirements are maintained. However, the view- 
point here taken allows us to consider systems which come rapidly 
to equilibrium only on the surface of the solid. Because the 
ordinary processes of diffusion in a crystalline solid are slow, the 
actual attainment of equilibrium throughout a solid is also slow. 

The rate of attainment of equilibrium of the zeolites with the 
solutions with which they are in contact is rapid, but the zeolites 
after many cycles of base exchange, in the presence of small 
amounts of carbon dioxide, gradually lose their efficiency. Fur- 
thermore, as we have seen, the ratio of the bases in the liquid 
phase to the bases in the solid phase is not always constant but 
varies with the method of manufacture of an artificial zeolite or 
the method of deposition of a natural zeolite. 

Zeolites and related substances are all salts of alumino-silicates. 
Let us assume that the negative ions of the alumino-silicate form 
large micelles, and that the constraints between the atoms are 
large. The substances would therefore behave as very viscous 
liquids or as glass-like solids. The positive ions, because of the 
rigidity of the system, are held tightly to the micelle in order to 
maintain the electro-neutrality of the system. 

We will assume that the zeolite has been treated with a con- 
centrated solution of sodium chloride so that the only positive ions 
present on the surface of the micelles are sodium ions. If now a 
new solution of calcium or ammonium chloride is substituted for 
the sodium chloride, the ratio of sodium to ammonium ions in 
the solution to sodium to ammonium in the zeolite becomes a con- 
stant for the particular sample of zeolite. 

The natmal zeolites show all the optical characteristics of defi- 
nitely crystalline substances. On the other hand, the artificial 
zeolites, from their method of preparation, would appear to 
have more of the character of amorphous substances. The indi- 
vidual micelle or ramifying aggregate of micelles may have a more 
or less regular lattice arrangement. The tendency, as we have 
seen, is to regard these natural and artificial zeolites as cmnpoimds 
of different composition, or at least as solid solutions of a number 
of definite chemical individuals, such as calcitim alumino-silicate 
and sodium alumino-silicate, etc. 
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When an artificial zeolite is prepared by mixing sodium alum- 
inate with sodium silicate in different proportions, there usually 
results a complex sodium alumino-silicate which approaches the 
same composition as that of natural nephelite, i.e., the composi- 
tion of the zeolite differs little whether a small or large amount of 
sodium aluminate is employed, except that with a large amoirnt 
the firm gel forms instantly. However, all alumino-silicates with 
wide variation in ratio of silica to alumina show the base exchange 
property. 

In figure 1 we showed the composition of various natural and 
artificial zeolites. Their capacity for base exchange depends not 
so much on the composition as upon their “history.” In the for- 
mation of zeolites, we therefore think of the process as being one 
in which the aluminate and silicate ions, because of their electron 
affinity, react to form very strongly micellar-forming acid ions. 
The positive ions are then boimd to the multi-charged ionic 
micelle in order to maintain electro-neutrality in the immediate 
vicinity of the large charged mass. And while there may be a real 
orientation of the atoms in the most efficient base-exchanging 
zeolites, these positive “held” ions must be in such a position 
that they are readily diffusible into a solution in which the micelle 
is placed. The variability of the composition of the zeolite sup- 
ports this view. 

Biesalski (83) found that pure acid-silicate grains (84) contain- 
ing high proportions of silica, — (a) SiO» 90.1 per cent, Na*0 3.0 
per cent; loss on heating 7.3 per cent; (b) SiO* 85 per cent, NajO 
4.4 per cent, loss 10.6 per cent; (c) SiOj 75.3 per cent, Na*0 
3.8 per cent, loss 20.1 per cent — ^possessed the property of base 
exchange. These sodium silicate grains contain so high a pro- 
portion of silica that they are either insoluble or extremely slowly 
soluble. The probability of the micellar character of these highly 
silicious hydrous sodimn silicates is indicated by the discussion 
in a previous paper (3e). 

Biesalski (83) also studied complex i^odium silicates of the type 
in which zinc replaces the aluminum in a zeolite (85), SiOj 35.4 per 
cent, ZnO 20.0 per cent, N ajO 10.7 per cent, loss 33.8 per cent. He 
found base exchange properties. These experiments indicate 
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that the base exchange property of the zeolites is not necessarily 
a property of the alumino-silicate but more of the silica, which 
we have seen has the property of forming electrolytic micelles (3f). 
In the grains these micelles are rigidly fixed, but this inability of 
the micelle to take part in a Brownian movement does not alter 
the character of the base exchange process. The tendency noted 
in figure 1 for the alumino-silicates to form with a constant ratio of 
replaceable base to alumina must be related to the chemical char- 
acter of the aluminate. 

Zeolites usually lose their base exchange properties upon the 
repetition of the base exchange cycle. This is ordinarily ex- 
plained on the basis of the hydrolysis of the zeolite, which proc- 
ess, indeed, we saw (3f) to be operative in the case of the pure 
sodium silicates. This hydrolytic process is hastened by acids, 
even as weak as carbonic acid, competing for the base ion equiv- 
alent to the hydroxyl ion formed by the hydrolytic splitting of a 
part of the micelle. 

With the definitely crystalline zeolites, there is no constant ratio 
between the ratio of the activities of the base ions in the solution 
and the ratio of the bases in the zeolites. If we substitute the 
ratio of the activities of the bases in the solid solution of the 
zeolite, such constancy must exist if sufficient time to reach equilib- 
rium throughout the solid mass is given. The viewpoint of the 
electrolytic micelle merely focuses our attention upon the easy 
metathetical exchange characteristic of ionic reactions. 

We have mentioned the specificity of the binding of positive 
ions to a micelle such as that postulated in the case of the insol- 
uble soap. It is obvious that that portion of the decrease in the 
activity coefficient which is due to the “association” in the Bjer- 
rum sense must be specific; and hence arises the reason for the 
ratio of the concentrations of the salts in the solution being 
different from their ratio of existence in the micelle. In looking 
at this in another way, we might say that the solubility of calcium 
alumino-silicate is less than that of sodium alumino-silicate, while, 
from the viewpoint of micellar formation we would say tW the 
activity coefficient of the calcium micelle is less than that of the 
sodium micelle. But this does not preclude the possibility that 



MICEUiBS AND BASX EXCHANGE 


403 


both calcium and sodium ions may be adjacent as contributors to 
the electrical neutrality of the small micellar particle. We are 
here trying to unify the ideas of the adsorption theory and those of 
the chemical theory. We take the crystalline zeolites as examples 
of micelles of very large numbers of atoms. 

SUBiIMARY 

Micelles are considered as the intermediate steps between 
ordinary ions and solid crystals. The solution of micelles is taken 
as a homogeneous phase, and the thermodynamics of such a 
system is therefore that of the homogeneous phase rather than 
that of the heterogeneous system. 

In this paper the following topics have been discussed: 

1. The consequences of the extension of the theory of the forma- 
tion of micelles when very large aggregates are formed. 

2. The electrolytic nature of crystalline and near crystalline 
micelles. The activity coefficient of such crystalline micellar 
masses is practically zero. 

3. The relation of complexes and micelles. 

4. The rapid base or acid exchange properties of solid solutions 
and of zeolites. This is explained by the electrolytic nature of the 
solids. 

6. Base exchange in other systems. 

6. Base exchange in zeolites. 
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General interest in the experimental investigation of the substi- 
tution reactions of chemical molecules containing more than one 
aromatic ring S 3 rstem may be traced back to 1912, when Cain, 
Coulthard and Micklethwait (1) announced that two distinct 
dinitrobenzidines could be obtained by nitrating acyl derivatives 
of benzidine. By analogy with the known reactions of aniline, 
there should have been produced, instead of these two isomers, 
but one substance — ^3, 3'-dinitrobenzidine. Unfortunately, the 
correct elucidation of this discovery was delayed for several 
years, owing to the proposal of a stereochemical explanation of 
the isomerism which, though incorrect, served to divert attention 
from the actual question of the mode of substitution of more com- 
plex aromatic compounds. 

Since 1920, however, the very rapidly increasing number of 
experimental studies has shown clearly that the early empirical 
rules for the classification of substitution-directing groups — such 
as that of Crum Brown and Gibson — ^are inadequate guides for 
the prediction of the courses of substitution reactions. Also, 
following the application of the newer electronic theories of 
valency to organic chemistry, it has been realized that the ex- 
planatory theories of aromatic substitution must be based 
essentially upon experimental facts of unquestionable validity 
and not upon deductions based on analogies and statistical 
schemes of correlations. Consequently the field of investigation 
has l^n widened, and the substitution reactions of such complex 
aromatic compounds as diphenyl, benzophenone, phenylpyridine, 
and other substances containing more than one aromatic ring linked 
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up within a single molecule, have become worth experimental 
study. 

Though the as yet recorded observations of the substitution 
reactions of compounds having the general type of figure (I), in 
which two independently complete aromatic rings (A) and (B) 


-X— Y 


-R' 


(I) 


are linked together by any grouping or assemblage of groupings 
(— XY — ), are very scattered and incomplete, they have already 
attracted considerable attention in one or two instances, notably 
in the cases of the diphenyl and phenylp 3 Tidine series. It should 
be noted that only with compounds of type (I) is it possible to 
ensure that comparisons of the reactivities of the two different 
aromatic nuclei (A and B) are made under absolutely identical 
experimental conditions. Whatever types of reactions are carried 
out with such “binuclear” substances as these, both rings must 
remain equally affected by the many possible external influences, 
such as those due to the substituting reagent, to the solvents em- 
ployed, or to the catalysts which may be present. No such 
certain elimination of differential external effects, which might 
arise through mere differences in solubility or in degree of solva- 
tion, can be attained when two different aromatic molecules are 
compared, even if these are mixed together before treatment 
with a common substituting reagent, as has been done in several 
recent researches (2, 3). 

It is the object of this article to correlate the experimental 
results recorded throughout the whole wide field of investigation 
outlined above, and to discuss their general characteristics in 
terms current in modern theories of aromatic substitution. 

Several different characteristics of aromatic substitution can be 
studied with the aid of linked ring systems, according to the actual 
types of compounds chosen for investigation. With simple com- 
poimds like diphenyl, or benzophenone, one can examine first the 
degree of reactivity and the mode of direction of substituting 
groups in any one ring (A) produced by the other ring (B), 
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acting of course in combination with the linking group ( — XY — ). 
When this li nking group is unsymmetrical — as in benzoin — ^it 
will induce different reactivity effects in the two rings. These 
can be differentiated from each other and compared directly 
with great ease. Consequently one can study the effect of 
systematic variation of any divalent group ( — XY — ). 

In more highly substituted linked ring compoimds, of the type 
actually formulated in figure (I), further effects due to the other 
substituent groups (— R) and (— R') can be traced. The com- 
pound (I) can be analyzed as if made up of two substances (II) 
and (III), 



each containing an aromatic ring m which substituent groups may 
compete in controlling the mode of substitution. Since any sub- 
stance of type (I) may also be regarded as a substituted finked ring 
compound, it may be anticipated that valuable results may be 
obtained by studying the reactions of highly substituted aromatic 
compounds. 

In all “finked ring systems” effects may be traced which are due 
not only to the special properties of the substituent groups (R 
and R') or linking groups (X and Y), but also to the ring systems 
(A and B) themselves. Reactivity in ring (B) may be induced or 
inhibited by special influences from the aromatic ring (A) that 
are transmitted either through space or through the finking groups, 
and comparisons may be made of the relative actions of the vari- 
ous finking groups (— XY— ) in assisting or in hindering this 
transmission. 

Linked ring systems can therefore provide data for the system- 
atic comparison of several of the more important factors influenc- 
ing aromatic substitution. 

Modem explanations of aromatic substitution, even when 
applied to the simplest of benzene derivatives, all involve the 
recognition of at least two distinct electropolar influences, apart 
from the possibility of the intervention of the geometrical effect 
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known as “steric hindrance”. Dual substitution influences can 
also be discerned in all these more complex compounds, so that 
before one can proceed to the explanation of experimental results, 
it is necessary to differentiate between these polar influences and 
to trace their separate characteristic manifestations within aro- 
matic rings. 

It was first pointed out by Hollemann (4) that the speeds of 
substitution of different aromatic compounds were markedly 
different; substances containing ortho-para directing groups being 
more reactive and those containing meta directing groups less 
reactive than benzene itself. This effect has now been recognized 
definitely as a general polar action of the substituent group which 
is exerted through space and through the intervening atoms in the 
molecule. Its magnitude can be evaluated in terms of the energy 
required for ionization at any point of reaction under particular 
consideration, for a substituent group within any molecule will, 
in general, modify the electrostatic environment of possible reac- 
tive atoms by inducing a definite change in the local electrical 
potential. By estimating this induced electrical potential in 
terms of the magnitude of the electrical dipole moment of the 
directing group, it is possible to get a rough basis of measurement 
of this general polar effect (5). As Ingold has pointed out (6, 7), 
this induced electrical polarity may be exerted directly across 
space, and also relayed successively from atom to atom within the 
molecule. In certain special cases he has found it advisable to 
differentiate between these two modes of action, and has named 
their resultant manifestations the “direct effect” and the induc- 
tive effect,” respectively. Usually, however, only the resultant 
sum of these two general polarization effects need be taken into 
consideration for the explanation of experimental observations. 

It is probable that the realization that there can be these two 
distinct modes of propagation of the “covalency adjustments” 
of the general polarization effect will attain much significance 
in the futme development of this subject, for, to quote a recent 
statement by Lapworth (45) in discussing the theory of induced 
polarization — “Insufficient attention has been paid to the possi- 
bility, already partly recognized, that even in the resting state of 
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a molecule the effect of a substituent at a given point, even at a 
considerable distance from the substituent, may be the resultant 
of at least two simultaneous influences, one reaching the point 
from the exterior and the other from the interior, that is via the 
electronic system of the adjacent atom, the condition of which, 
in its turn, is likely to be determined by the resultant of interior and 
exterior influences. The exterior and interior forces at a given 
point may operate either in harmony or in opposition according 
to the nature of the substituent, and possibly also according to 
other circumstances, and obviously may affect one another to a 
greater or less extent throughout the whole range of collateral 
transmission.” 

Theoretical conceptions of the nature of ail polarization effects 
vary very widely, but, whatever conceptual scheme be adopted, 
there is no doubt at the present time that the general polarization 
effect can be termed an inductive disturbance. 

General polar influences, primarily altering speeds of reaction, 
cannot however be used adequately to explain the attraction of 
entering substituting groups to special points of potential attack 
in the aromatic molecule. It has been necessary therefore to 
postulate the existence of an alternating polarity effect, super- 
posed upon the general polarization effect. According to all 
theories this is regarded as an influence emanating from the 
“directing substituent group” inducing special reactivity, at the 
moment of substitution if at no other time, in either the ortho and 
the para, or else in the meta positions within the same aromatic 
ring. Recent experimental work (10, 11) seems to indicate that 
this alternating polar influence can rarely be exerted from outside 
a single aromatic ring. The effect is probably best considered 
as an induced tautomeric (or rather electromeric) disturbance 
(8, 9). 

Whatever detailed explanatory schemes be utilized for the 
description of these two types of induced polar influences, their 
intrinsic natures can be sharply differentiated as outlined 
briefly above. The standard nomenclature of Ingold (6, 8, 9) for 
these effects will therefore be employed throughout the rest of 
this article, the general polarization effect being denoted by I, 
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and the alternating polarity effect by T. Except where specifi- 
cally stated, the general polarization effect, as denoted by/, will be 
taken as including also the direct effect D. 

Evidence obtained from the recorded substitution reactions of 
linked ring systems, when examined from the modern electronic 
viewpoint as outlined above, indicates that aromatic rings do 
very distinctly exert specific inherent polar influences. In brief 
it may be stated that, though aromatic rings readily permit the 
transmission of induced electronic movements, involving both the 
acceptance and the donation of electrons, yet, as far as their own 
influences are concerned, one consistent type of polar action is to be 
observed. The aromatic ring therefore does not act merely as a 
resonator to influences arising elsewhere but also induces electron 
movements on its own account. 

This has been recognized most clearly in the case of the diphenyl 
ring system, which has been investigated very thoroughly during 
the past few years (11-15, 36, 40). Although all diphenyl de- 
rivatives are completely conjugated systems, in which electro- 
meric polarity transmission (T) might easily occur from ring to 
ring, yet experiment has shown that not only the unsubstituted 
phenyl group (CeHj) but also all substituted phenyl groups 
(CjHiX) have one consistent type of directive action, which is 
similar to that of all other hydrocarbon radicals (11, 12, 13, 15). 
Thus, on substitution of all three nitrodiphenyls (figures IV-Vl) 



the entering groups invariably attack positions in ring (B) in the 
ortho-para relationship to the nitrophenyl group (A). The same 
can be stated for substitution in ring (B) when even more powerful 
orienting groups, like — NH* or —OH, are present in ring (A) 
(12, 13, 14). Only when the aromatic ring undergoing substitu- 
tion already contains another substituent group, more powerful 
in its directive influence than the substituted phenyl group linked 
to it, can reaction occur at positions in the meta relationship to the 
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bond linking the two aromatic nuclei. This is well illustrated by 
reference to the acetamidodiphenyls (VII) and (VIII) in which 
substitution can occur, according to the special experimental 
conditions, in either of the two nuclei at the positions indicated 
(12, 14). 


CH,CX)NH— A 


(VII) 


^NHCOCH, 

(VIII) 


Examination of all other linked ring systems reveals a similar 
consistency of type of directive action, unaffected by the presence 
of substituent groups in the ring not actually being substituted. 



In any compound CeH#— X— C36 (figure IX) it is usually 
impossible for induced alternating electron pulses to be prop- 
agated from one ring to another through the Unking group 
(— X — ), for, in general, Unking groups are not conjugated sys- 
tems which can undergo the requisite type of electromeric trans- 
formation (T) consistent with the preservation of stable electronic 
groups around each atom. Even in completely conjugated com- 
pounds in which internuclear electron movements can and do 
occur (as, for example, in the case of the cyanine dyestuffs), 
the alternating polarity infiuence does not seem to be powerful 
between the two rings. 

Internuclear directive effects have certainly been detected in 
such compounds as the phenylpyridines (16) though they are not 
strongly marked, while in such homocycUc systems as diphenyl 
and azobenzene (17) they have not been found. There may per- 
haps be an intrinsic difference in the amount of energy required for 
the sporadic electromeric disturbances (T) which influence reac- 
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tivity and for those regular, and exceedingly rapid, intramolecular 
electronic movements to which correspond those absorption band 
spectra which are so characteristic of all aromatic substances. 

In contrast to the restricted range of the alternating polarity 
influence, general induced electron drifts (I) can be exerted from 
ring to ring, as they are transmitted, in part at least, through 
space, and so can only be partly suppressed by the intervening 
group (— X-). The resultant reactivity of any one ring in a 
compound (IX) will therefore be influenced by the total (J + T)x 
polarization induced by the group ( —X — ) plus that proportion 
of the induced electron drift due to the other ring {l4>) which is 
transmitted through the linking group. The alternating polari- 
zation influence (T*) exerted by the linking group (— X — ), 
however, will be distributed between the two rings (A) and (B), 
and therefore will have a markedly different magnitude in either 
from what it would have in such a compound as figure (X), in 
which tautomeric electron movement can proceed from (— X— ) 
in one direction only. 



(X) 


The general “electron drift” polarization (lx), induced by the 
linking group (—X—), if of the nature of an induced electrical 
potential as has been suggested, will not be so markedly different 
in the two substances (IX) and (X), for that portion of it which 
has been characterized as the direct effect (Z?) should certainly 
be induced equally on free space or on distant atoms, while the 
other fraction, transmitted from one atom to the next, should 
diminish in intensity only with the length of the chain of atoms 
involved. 

When these possibilities of induced polarization are fully taken 
into accoimt it is found, from collected experimental data, that 
in all linked ring systems the phenyl group acts uniformly as a 
powerful “electron source” group with a directive action similar 
in type to that of the hydrogen atom. It generally increases 



LINKED AROMATIC RING SYSTEMS 


415 


reactivity (+/), and, when it can originate an activating electro- 
meric disturbance, always induces substitution in the miho and 
para positions in another ring (+T), It thus resembles any other 
hydrocarbon radical, as, for example, the methyl group — CHj 
(18). 

In illustration of this conclusion it may be pointed out that 
similar substitution reactions are given by all compounds in any 
related series R), in which the group (— R) may be a 

hydrogen atom (as in (X)), an alkyl group, or an aryl group (as 
in (IX)). For example, benzophenone, acetophenone and benz- 
aldehyde are all relatively inert, meta substituting compoimds, the 
outer group — R being unable to influence the reacting ring 
through the intervening carbonyl group. Diphenyl ether, anisole 
and phenol in contrast are all ortho-para substituting compounds 
with reactivities- differing only in degree according to the extent 
to which the outer group — R limits the frequency of the activa- 
tion due to the oxygen atom. 

The polar effects due to the outer group (— R) are in all cases 
very slight, but they can be detected quite distinctly by quantita- 
tive measurements of directive powers. In such quantitative 
experiments as have already been carried out it has been demon- 
strated that an aromatic ring has, in a compound of type (IX), an 
activating influence ( +/) of a magnitude very similar to that of 
the methyl group in an analogous compound of the same general 
type X— R. 

Allan and Robinson (19), for example, have examined the nitra- 
tion of a series of guaiacol ethers of the t3rpe of figure (XI), all of 
which substitute exclusively in the positions 4 and 5 — ^i.e. in the 
para positions to the groups — O— CH*— R and — OCH» respec- 
tively. 

/X OCHJl 

/ ‘ N/ 
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From the equation: 

Directive power of — OCH»R per cent of 4 substitution 

Directive power of — OCHi per cent of 6 substitution 

they have been able to obtain fairly accurate estimates of the 
magnitude of the general polar influence (/) of the group ( — R) 
in modifying the polarization of the oxygen atom of the ether link- 
age, through which the reactivity is eventually induced. Rela- 
tive to the directive power of the methoxy group (R = H) 
being taken as 100, the directive powers of the methoxy group 
(R = CHs) and of the benzyloxy group (R = C-iHs) are respec- 
tively 135 and 113. Replacement of the phenyl group by the 
methyl group, or by hydrogen, has therefore but little effect on the 
magnitude of the resultant induced polar influence (I) which is 
transmitted through the linking group — OCHj — . A similar 
comparability between the ortJw directive powers of alkyl and 
aryl groups has been found in analogous types of ethers of the 
quinol series (20). 

This similarity of action of alkyl and aryl radicals applies, 
however, only to the consideration of general polarization effects 
(/) induced by aromatic rings on atoms exterior to them. It is 
not in accordance with the experimental facts relating to all 
types of linked ring systems. For example, on comparing com- 
pounds of linked ring systems with those containing only one 
ring system (e.g. X) it has been found that the special activation 
induced by the alternating polarization mechanism (T) is appre- 
ciably less in the case of the compound with the linked ring 
systems (e.g. IX). This difference arises because there is a dis- 
tribution between the two rings (A) and (B) of the alternating 
polarity effect originated by the linking group (—X — ). The 
tautomeric electron pulses (T), which produce either ortho-para 
or else meta substitution as the case may be, are usually considered 
to occur only in momentarily activated molecules. An activating 
group (in this case —X—) can be assumed to receive extra 
(? quantized) energy, or perhaps an extra electron — ^possibly from 
an external catalyst or as the result of an intermolecular colli- 
sion — ^and to hand on this energy, or electron, very rapidly, by 
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the tautomeric process, to the actual point at which substitution 
occurs. One momentary production of an activated grouping in 
any individual molecule will result in the activation of one point 
only of potential substitution, and, in the case of a linked ring 
compound, this may be produced, through the (T) process, in 
either of the two rings. As the measurable rate of substitution 
will depend primarily upon the frequency of activation of the 
directive grouping, and only secondarily upon the course of the 
tautomeric change subsequently resulting, the chance of resultant 
activity appearing at any one point of potential substitution in a 
large conjugated system, such as a molecule with linked aromatic 
rings, is less than in a more restricted system, such as a molecule 
containing only one aromatic nucleus. This can best be illus- 
trated by the following reference to experimental fact. 

While investigations of the substitution reactions of various 
methylbenzyl ethers of the catechol and quinol series (see p. 415) 
showed that the benzyloxy and methoxy groups had comparable 
directive powers, investigations of the phenyl methyl ether of 
quinol (XII) showed that substitution occurred exclusively in 
position 3 in ring (A) (21). 

(XII) 

The occasional electron pulse activation of the oxygen atom (x), 
transmitted intermittently to one or other of the two rings is 
no longer comparable, in ring (A), with the unidirectional activa- 
tion of the oxygen atom (y) of the methoxy group. This latter 
group can therefore control the actual mode of substitution in the 
whole molecule. 

There indeed seems to be a tendency for aromatic nuclei to 
attract to themselves electrons which may be emitted from any 
adjacent electron source group (22, 23). Support for this view, 
though drawn mainly from such evidence as the stability of tri- 
phenylmethyl and the reactions of conjugated tautomeric sys- 
tems, is not lacking within the sphere of aromatic substitution. 
Apart from the case of diphenyl ether, considered above, it is well 
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illustrated by the inactivity of benzophenone as compared with 
acetophenone, and of benzoyl derivatives generally in comparison 
with the corresponding acetyl derivatives. In these cases the 
difference in activity between similar types of compounds may be 
expressed through the scheme of Cooper and Ingold (24), accord- 
ing to which decrease in the reactivity of carbonyl compounds 
corresponds to withdrawal of electrons from the carbon atom of 
the carbonyl group with consequent increase in the magnitude 
of the deactivating influence of the >C= 0 dipole. 

As regards its action on any outer substituent group, an aryl 
radical may be said to diminish the alternating induced polarity 
of any neighboring group by withdrawing some of the momentary 
activating electron surges to itself. At the same time it must be 
regarded‘ as increasing the general reactivity at the more distant 
parts of the molecule. On the basis of Ingold’s classification, the 
phenyl group is thus to be regarded as of the type ( +/ —T) when 
not acting as the primary electron source in controlling substitu- 
tion. 

When exerting its inherent directive influence, however, the 
phenyl group has a most pronounced “electron source” character 
(+T), for it is a strong ortho-para directing group. In the substi- 
tution of diphenyl, for example, there is no evidence of the forma- 
tion of any meta derivative, whereas the corresponding system 
with an alkyl directing group — toluene — ^may yield as much as 
four per cent of meta derivative on substitution. The negative 
alternating inductive property of the phenyl group ( — T) must 
therefore be regarded as a secondary effect, originating outside the 
aromatic nucleus, and not as one of its inherent electronic influ- 
ences. 

This characterization of the essential natures of aromatic 
polar properties is in full accord with the normal modem concep- 
tion of aromatic substances being essentially freely mobile tau- 
tomeric systems, which yet preserve as a whole one distinct resul- 
tant electronic configuration. 

More complex linked ring compounds, of the type (XIII), 
having widely separated aromatic nuclei, in contrast to those 
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previously considered, show only the normal polar influences 
of their constituent parts (A), (B), (X), and (Y). 



(XIll) 


The special interaction of (X) on ring (A) does not affect 
ring (B), nor does the interaction of (Y) on ring (B) affect ring 
(A), for electron pulse transmission is rarely possible between 
the groups (X) and (Y). It is in these compounds therefore 
that the similarity between the activating properties of alkyl and 
aryl radicals is most clearly shown, as in the case of the phenyl 
benzyl ethers to which reference has already been made (p. 415). 

Substances containing linking groups such as — CH=CH— or 
— N=N — , which would complete the conjugation between the 
two aromatic nuclei, have been but little investigated. They 
undergo ethylenic addition reactions rather than aromatic 
substitution reactions but, in a case where the latter is possible 
(azobenzene), the normal independence of action of the two aro- 
matic rings has been observed (17, 28). 

With compounds of type (XIII) it is possible to obtain true 
comparisons of the relative directive properties of the divalent 
linking groups (X) and (Y), for (X) will activate atoms in ring 
(A), and (Y) atoms in ring (B) to extents directly proportional 
to their intrinsic polar powers (T, and Ty) alone. External 
influences, such as those due to solvents, will affect both rings 
equally, though local “solvation” or “electrostriction” effects 
(25, 26, 27) due to either of the groups (X) or (Y) may be found. 
For example the well-known effect of concentrated sulfuric acid in 
rendering an aromatic base an inert, meia substituting substance 
(for which — N'*': Hs has —I — T) instead of a reactive, ortho-para 
substituting substance (for which — NH» has +/ +r) has been 
parallelled in linked ring compounds. 

< f~A~^ >— -NH—CH,- 
(XIV) 


CRDMIOAL BSYZSWS, VOL. VXl, NO. 3 
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Benzylaniline (XIV) normally substitutes with great ease in ring 
(A), but its sulfate, in concentrated sulfuric acid solution, nitrates 
exclusively in ring (B) and yields over 65 per cent of the meta- 
nitro derivative (29). A recent study of the nitration of benzyli- 
deneaniline affords another example of the same effect (46). 
Solvation effects, however, must be regarded as inherent electro- 
chemical properties of these groups, as they arise locally by virtue 
of the external electrical fields invariably associated with them. 

Unfortunately, few comparative data can be deduced from the 
very slight amount of experimental work which has been carried 
out with ring systems of type (XIII) up to the present, but, as 
giving examples of the type of results to be anticipated, the ben- 
zoin group of compoimds can be briefly considered. 

<A>-CH-C-<X> <X>-CH.--CO-<(;^> 

OH O 

(XV) (XVI) 

In both benzoin (XV) and desoxybenzoin (XVI), the ring (A) 
is the one first attacked, and reaction occurs in the ortho and para 
positions to the neighboring activating (+/ -\-T) linking group 
(CHOH or CHj). On disubstitution, after the insertion of a 
deactivating group (e.g., NO») into ring (A), the other ring (B) 
may be attacked also, and in it substitution occurs in the meta 
position, subject to the polar influence {—I —T)oi the neighbor- 
ing carbonyl group. Unlike benzil however, benzoin does give 
some 4,4'- disubstituted product (30) indicating that the general 
activating influence {+!) of the —CHOH- group, adjacent to 
ring (A), has an actual, though very slight, effect on the more 
distant ring (B'). 

No experimental data, unfortunately, are yet available for 
compounds of type (XIll) in which the linking groups are of 
comparable directive powers and with which mixed products 
should be obtained on substitution. 

In order to complete the survey of the substitution of linked 
ring systems, the properties of already sul»tituted linked ring 
compounds must now be considered in detail. 
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As has already been stated (p. 412) it is apparent from experi- 
mental work that, in any substance of the general type of figure 
(I) or of figure (XVII), the type of substitution reaction 



induced in any one ring (A) by any other ring system (A') linked 
to it is, in every case, constant, no matter what substituent 
groups (R'), other than linking groups ( -XY-), may be present 
in the ring (B) which may affect its own internal substitution 
reactions. Thus, in the benzophenone series, a substituted ben- 
zoyl group (— CO— C«H 4 R) always has a deactivating (— /), 
meta directing ( — T) influence, whatever the nature of the group 
( — R) (31, 32, 33). Similarly, in the diphenyl ether series a sub- 
stituted phenoxy group (— 0— CeBUR) always has an activating 
(-1-/), ortho-para directing (+1*) influence (21, 34, 35, 47). 

In the diphenyl series, in which alternate polarity electron 
pulses could conceivably be transmitted from ring to ring, this 
constancy of type of substitution product has been demonstrated 
most conclusively by recent experimental work (11-15). The 
statement of Vorlander (18) that the substituted benzene ring 
always preserves its characteristic ortho-para directive influence 
has been firmly upheld, the substituent groups (— R) have defi- 
nitely been shown to have only a secondary influence on the 
directing effect of one ring on the other, and some investigators 
have gone so far as to state that any one ring is not at all influ- 
enced by modification of the other (11). Though this last 
sweeping generalization is not absolutely correct (15, 36), there 
is no doubt that this consistency of type of directive action of any 
ring system has now been proved beyond question. Even in the 
three isomeric phenylpyridine systems (CeH*— C1H4N), in which 
the great readiness of the pyridine ring to undergo tautomeric 
change has specially favored the transmission of alternating 
polarity effects, this same constancy of type of action is generally 
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preserved (16), and the same rule seems to apply to other linked 
aromatic-heterocychc compounds containing two rings both of 
aromatic character (18, 37, 38, 48). The very strong mcto direct- 
ing influence of the nitrogen atoms acting as “positive poles” 
within the heterocyclic ring is never greater than the general 
ortho-para directive influence of the whole ring system. 

This is exactly what one would anticipate on the basis of the 
modern conception of the nature of the alternating polar influence, 
for even a very occasional activating electron pulse (+!'), that 
coiild cause a molecule to react, is bound to predominate over any 
deactivating effect { — T) which would not result in the occur- 
rence of substitution. 

The accumulation of deactivating influences {—I) in a com- 
pletely conjugated radical may however, by attracting away 
electrons, bring about the obliteration of electron expelling (+T) 
tautomeric changes, or rather, may cause them to be reversed in 
direction. As an instance of this, it has been shown that 2- 
phenylglyoxaline-4,6-dicarboxylic acid nitrates mainly in the 
meta position in the benzene ring, while the unsubstituted phenyl- 
glyoxalines nitrate mainly in the ortho and para positions in the 
benzene ring (39). 

The fact that, for any compound of type (XVII), the position 
of attack in ring (B) is independent of the position of the substit- 
uent group (— R) in ring (A) again might be deduced from the 
electron pulse conception of directive action, though not from all 
of the earher theories of alternating polarity. 

Once an activating electromeric change brings about the intro- 
duction of a new electron into an aromatic ring, then ortho or 
para substitution must result, no matter where the original elec- 
tron source may have been situated in the directing group. Simi- 
larly, any abstraction of electrons from an aromatic ring to an 
outer “electron sink” must render impossible attack by an elec- 
tropositive substituting ion in these same positions (8, 9). It is 
the direction of the electronic movement and not its origin which 
can be correlated with the sub^quent substitution reaction. 

However, the more important experimental fact that, in addi- 
tion, the polar nature of the group (-R) (whether an “electron 
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source” like —OH, or an “electron sink” like —NO*) is unable to 
alter the type of directive action of ring (A) can only be explained 
through inferring that the alternating polar influence (T) cannot 
be transmitted from ring to ring. Here, on general considera- 
tions, it would have been anticipated that internuclear electron 
transmission might have been possible in certain cases, particularly 
in fully conjugated compounds such as diphenyl, stilbene or 
azobenzene derivatives. 

Both aromatic ring systems, with mobile electrons which of 
their own induce “electron source polarization” (+T), and the 
Unking groups, which are not usually potential electromeric sys- 
tems, must act as almost complete bars to the transmission of 
those electron pulses which are so very powerful within a single 
aromatic nucleus. One may suggest that this inabiUty of an 
aromatic ring to transmit an electromeric polarizing influence to 
another ring is possibly due to its tendency to attract to itself, 
and to retain, extra electrons (22, 23). See p. 417. 

More detailed examination of substitution reactions in Unked 
ring systems, however, reveals the equally important fact that, 
though the general type of directive influence of any ring system 
is preserved unchanged on substitution, the magnitude of this 
directive effect is distinctly affected by the presence of the substit- 
uent group. 



(XVIII) 

Therefore, though the alternate electron pulse activation (Tr) 
(figure XVIII) of the group ( — R) in the ring (B) is unable to 
reach ring (A), the general electron drift influence (/r) can be 
transmitted through the linking group (— XY— ), in spite of the 
fact that, in most cases, the linking group exerts a damping effect 
upon the electron transmission, seriously diminishing its resultant 
intensity. This experimentally demonstrated conclusion illus- 
trates perhaps the clearest of all the distinctions between the 
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intrinsic natures of the general inductive (J) and the alternating 
tautomeric (T) induced polarization influences. 

The transmission of the general electronic drift influence of a 
group ( — R) to a distant ring has been demonstrated most clearly 
in the diphenyl ring system, in which there is no linking group 
that might reduce the magnitude of the resultant induced electri- 
cal potential. Many experiments have shown that the inhibiting 
electron drift ( — /) due to the presence of a nitro group, and to a 
less extent also due to the presence of a halogen atom, exerts its 
influence throughout the whole of the complex system by decreas- 
ing generally the rate of chemical reaction in both rings (12-15). 
It is the action of this general polar influence that results in the 
unsymmetrical substitution of diphenyl derivatives that has been 
the subject of so much experimental investigation since the year 
1912 (1, 14, 16). It has been shown, for example, that though a 
chlorophenyl (C1C«H4-) or a bromophenyl (BrCeH*-) group 
has a more powerful directive influence than the corresponding 
halogen atom, yet the introduction of a nitro group into either 
renders the substituted aromatic ring (HalCsHsNOs - ) less 
strongly directing than the halogen atom, on account of the 
inhibiting electronic drift (—/no.) initiated by the presence of the 
nitro group (40, 15, 49) (figure XIX). 


^_^C.n.(NO!)Br 



A similar explanation (41, 11) has been given for the formation 
of the isomeric dinitrobenzidines and dinitrotolidines of Cain (1), 
which were originally thought to have been stereoisomers and not 
structurally different compounds. Similar effects have also been 
observed in the diphenyl ether, phenyl benzoate and phenylben- 
zene sulfonate series (34, 50). For example 2,4-dichloro-2',4'- 
dinitrodiphenyl ether nitrates in position 5 in ring (A) (figure XK) 
and not in position 6 as would otherwise be anticipated. 



LINKBD ABOMATIC BING ST8TBMS 


425 



Cl NO, 
(XX) 


Further proofs, of more convincing nature, of the existence of this 
intemuclear transmission of the general polarizing influence (I) 
have been given in several recent quantitative researches of Rob- 
inson and his colleagues. For example, in continuation of the 
investigations on the relative directive powers of the groups 
present in benzylguaiacol, to which reference has already been 
made (see p. 416), Oxford and Robinson have shown that while 
the directive power of the benzyloxy group towards its para po- 
sition has a magnitude of 113, relative to that of the methoxy 
group as 100, the nitrobenzyloxy group has a relative directive 
power of magnitude only 67, and the chlorobenzyloxy group one 
of only 82 (42). In both cases the magnitude of this general 
polar effect is practically independent of the position of the substit- 
uent group (NO, or Cl) within the directing benzyloxy group. 
The same effect has also been found among substituted benzamide 
derivatives (43), and the results may be indicated diagrammatic- 
ally as in figure (XXI). 



(XXI) 
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Thus even such a complex and highly polar linking as the — NH — 
CO— group is unable to block completely the transmission to 
ring (A) of the electron drift induced by the nitro grouping in 
ring (B). The experimental results show too that the electron 
pulse effect (T) of the nitro group is scarcely noticed in ring (A), 
as the resultant activity in that ring due to the substituted benz- 
amido group is practically independent of the position of the nitro 
group in ring (B). 

Tl^t linking groups exert a damping effect upon the transmis- 
sion of general induced polar effects from ring to ring, however, 
may be seen from the examination of many substitution results. 
For example, the very powerful activating groups — OH and 
— NHj are vmable to induce any appreciable reactivity in the more 
distant ring in derivatives of both the benzophenone and the 
azobenzene series (17, 31, 33), though the linking groups con- 
cerned (—CO— and — N=N— ) differ very markedly from each 
other with respect to their own polar influences. 

These “damping effects” of the linking groupings may be 
traced to two distinct sources. Firstly, the linking group, 
merely by separating the two rings, increases the distance over 
which the polar influence must be exerted, and so diminishes the 
magnitude of the resultant induced elec trical potential. Secondly, 
most linking groups contain atoms of polar character which 
both act as “electron shields” to the original induced electrical 
potential, and also induce new electronic drifts on their own 
account, frequently far more potent in magnitude. The impor- 
tance of the distance factor in hindering the transmission of 
electronic drifts may be gauged by comparing the substitution 
results in the diphenyl series with those in the diphenylmethane 
and diphenylethane series. In the diphenyl series the substituent 
groups in one ring are occasionally powerful enough to induce 
unsymmetrical substitution (see p. 424), but in the diphenyl- 
methane and diphenylethane series no such effects have yet been 
observed, although similar types of compounds have been inves- 
tigated (44). 

The polar action of the linking group, however, contributes 
most to the prevention of electronic drifts through long chains 
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of atoms. For example, in all qualitative experiments, the 

benzophenone system, containing a strong partial dipole group 

+ — 

(C= 0) between the two rings, seems to react as if it contained 
two completely independent aromatic rings, both subjected only 
to the polar influences of the linking group and of such other sub- 
stituents as they may contain. As in the closely corresponding 
benzoin series however (30), accurate quantitative research may 
reveal the existence of a very slight residual effect. Benzanilide, 
for example, should contain a still more effective damping linking 
group (viz., — NH— CO— ), yet, as has been mentioned, quite an 
appreciable amount of induced eFectrical polarity may be trans- 
mitted from ring to ring. 

This characteristic decrease in intensity of both the polar influ- 
ences owing to increasing distance of action, and to the inter- 
vention of intermediate groupings, is well illustrated by consider- 
ing the series of compounds nitrobenzene (XXII), w-nitrostjrene 
(XXIII) and nitrodiphenyl (XXIV), with which may also be 
exemplifled the stages in the transition, in properties as well as in 
structure, from a simple aromatic compoimd to a linked aromatic 
ring compound. 

<=>_NO. /3>-CH=CH-N0. i >-C >-NO. 

(XXII) (XXIII) (XXIV) 

Nitrobenzene is a kationoid system (—I — T), predominantly 
deactivating and mela substituting, whereas nitrodiphenyl — a 
benzenoid system — is much more reactive and is completely 
ortho-par a substituting (+T). Even in the intermediate com- 
pound (XXIII) the presence of the linking — CH=CH— group 
serves to reduce the tautomeric ( — T) effect of the nitro group 
to a second order influence, far weaker than that of the nearer 
activating (+T) double bond (10). 

In conclusion it may be stated that the study of linked ring 
systems shows most clearly the inherent properties and the dis- 
tinctions between the general electron drift and the alternating 
tautomeric electron pulse effects, both of which can occur in aro- 
matic compounds. The first influence (I), constant in action and 
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electrostatic in character, can be transmitted over relatively 
great distances. It can act possibly through free space, and 
certainly through any intervening grouping. The second influ- 
ence (T), of electrodynamic character, is temporarily very power- 
ful indeed, but is essentially sporadic and variable in action. It 
can be transmitted only within readily mobile, completely con- 
jugated, tautomeric systems. Even in these systems too, slight 
intermediate effects, originating in intervening atoms, may easily 
divert the path of the activating electromeric energy trans- 
mission or may modify its resultant intensity at any particular 
point within a molecule. 
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Methods for the analysis of crystal structures of inorganic 
compounds have been greatly extended since M. von Laue’s 
prediction of x-ray diffraction by crystalline lattices. Within 
recent years generalizations based upon physical laws and upon 
empirical analyses of existing structural information, together 
with increase in knowledge concerning the factors affecting the 
intensities of x-ray reflections from crystals, have made possible 
determinations of the structure of very complex compounds 
having low crystallographic symmetries. The concept of inor- 
ganic compounds as composed of spatial arrays of approximately 
spherical atoms of “constant radii” in contact (1) has, in a some- 
what modified form, proven of great utility in structure determi- 
nations (2, 3, 4). 

Complete determinations of structme have been made for but 
few orgardc compounds. The results obtained have not markedly 
facilitated the analysis of other structures. The diflBculties of 
analysis partially arise from the low crystallographic symmetries 
of most organic crystals. The factors determining the intensi- 
ties of the x-radiation coherently scattered from atoms of low 
atomic number, such as oxygen, nitrogen, carbon, and hydrogen, 
are not as completely evaluated as for heavier atoms. Thus such 
atoms can not easily be allocated in the structures, and in the 
case of hydrogen atoms the data as to the intendty of reflection 
alone are insufficient to permit their allocation. 

^ To economize space no exposition of the notation employed for crystal struc- 
tures is included in this review. Reference 6a cites a complete discussion of 
notation and technical terms. 
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Completely determined atomic arrangements for some organic 
compounds indicate that there are groups of atoms in such 
crystals that are repeated as groups throughout the crystals. 
The groups that are to be identified as the organic molecules are 
probably to be characterized by the approximate constancy of 
distances of closest approach between adjacent atoms within the 
groups. It should be possible to determine from the derived 
crystal structures alone the characteristic carbon to nitrogen, 
carbon to carbon, etc., distances in molecules of organic com- 
pounds m the solid state, and to check the constancy of the 
distances. The spatial distributions of the molecules and their 
distances of approach to other molecules have not yet been shown 
to be similar in different compounds. Since the intensities of the 
x-ray beams diffracted from the crystals are functions of both 
the intramolecular and the intermolecular configurations, this 
apparent lack of regularity increases most markedly the difficul- 
ties of the structure analyses. 

Information obtained from the x-ray diffraction patterns of 
some organic crystals is described in this paper. Results of 
particular significance to structmal organic chemistry are dis- 
cussed under the specific compounds. An attempt is made to 
obtain from the structures discussed certain relationships which 
mi^t be of assistance in structural analysis. No effort is made 
to give an exhaustive survey of all available x-ray diffraction 
data from organic compounds, since the greater part of these 
data merely serve to extend the crystallographic descriptions. 
Such information is summarized in standard references (5) and 
is currently abstracted m the Zeitschrift fur Eristallographie. 

TTPBS OF INFORMATION OBTAINED 

The analysis of the x-ray diffraction data from a particular 
compoimd leads to a determination of the smallest parallelepiped 
which, when repeated, gives the macroscopic crystal. This is the 
''unit of structure." It must contain an integral number of 
molecules or formula weights of the substance. 

The characteristic types of reflections observed to be absent, 
together, if necessary, with a ciystallographic determination of 
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the crystal class, determine the ssmimetry elements of the unit of 
structure and thus lead to one of the 230 groups of operations 
giving crystalline ssmametry. This is the space-group. 

The observation that the number of molecules in the unit of 
structure is less than the number of a8}anmetrical points ob- 
tained by repeating a point according to the S3unmetry operations 
of the space-group requires the molecule to have symmetry. 
This, with certain exceptions noted later, gives the Tninimimn 
possible S3munetry of the molecule. The actual symmetry may 
be, and sometimes is, greater than this Tnininiiim . If the number 
of molecules in the imit of structure is greater than the number of 
asymmetrical points, then the molecular groups must be either 
crystallographically non-equivalent or associated in groups that 
are crystallographically (6) equivalent. The structures of the 
aromatic hydrocarbons which are discussed later illustrate these 
requirements. 

It is sometimes possible to determine completely the position of 
each constituent atom without the use of assiunptions concerning 
the probable arrangement. Such complete structure determina- 
tions have supplied information of fundamental importance to 
structural organic chemistry. The complexity of the problem, 
however, usually necessitates the reverse procedure of assuming 
structures which are chemically logical and ascertaining whether 
they can or cannot explain the observed intensities of reflections. 

In the following partial review complete structure determina- 
tions are first considered. The structures, if they are sufficiently 
complete, are described by giving the atomic positions in terms 
of codrdinates referred to specified axes (6a). Some results of 
determinations of the unit of structure, of the space-group and of 
molecular symmetry are discussed. Atomic positions are repre- 
sented by small circles on the figures; these circles do not indicate 
the relative atomic sizes. The distances on the figures are given 
in Angstrdm units (1 A. — 10~* cms.). 

8TBUCTUBE DETBBMINATIONS 

The crystal structures of halogen substituted compounds 

The amplitudes of the waves coherently scattered by various 
kinds of atoms in a crystal are, in the first approximation, func- 
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tionB of the atomic number and of sin QfK, where B is the 

redection and X the wave length of the x-radiation. 

assumed that at 0° the amplitude of the scattered wave is (^e y 

proportional to the atomic number. In a crystal 

atoms of high and low atomic number the mtensities of reflection 



Q)i%coh 

Fia. la. loDoroBM, CHI,. Thb Unit of Stbtjctubii 
The indicated poeitione oi the hydrogen atoms are hypothetical. 

of X-radiation depend most markedly upon the distributions of 
atoms of high atomic number. In a crystal contammg, for 
instance, carbon, hydrogen, and iodine, the effect of the carbon 
and hydrogen on the intensities of reflection often can not be 
detected. For this reason it is sometimes possible to determine 
quite accurately the positions of the heavier atoms in crystals 
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having complex structures. Advantage has been taken of this 
fact in the structure analyses of a number of aliphatic compoimds 
discussed below. 

Iodoform (7). The hexagonal unit of structure containing 



Fig. lb. Iodofobm, CH1i. A Projection on the Basal Plane (00.1) 

The octahedral arrangements of atoms of separate molecules are shown on the 
projection. Iodine atoms below the plane of projection are shown as large dotted 
circles; the carbon and hydrogen atoms are shown as small dotted circles. 

2CHI» has c = 7.61 A. and o =* 6.87 A. The iodine atoms are at 
space-group Cl (6a) 


*. Vt »; y - x,x,t;g,x - y,z 


* + i; » - y, », * + 1, », y - *, * + J 

with X = 0.346 — 0.362, and y « 0.038 — 0.066. (Limits of 
certainty are given; z may be assumed to be zero.) The Tninimiinri 
molecular symmetry is probably a threefold axis. The unit of 
structure and a projection on (00.1) are shown in figures la and lb. 
The relative positions of the iodine atoms are defined by two 
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determined parameters. The interatomic distances are shown 
in figures 1 and 2. If the carbon atoms are at f, ^ + 

i (uc is undetermined), then the minimum I — I distance, about 
3.57 A., is that between atoms of the same molecule. In this 
case the iodine atoms of separate molecules are located at the 
comers of octahedra the edges of which are 3.94 A. and 4.43 A. 
in length (note figure 1). 

A representation of a single molecule is shown in figure 2. In 
this figure the dotted portions are unknown. It is possible, but 
quite improbable, that the carbon atoms are at OOu; 00, m + § 
(space-group C|„). In either this or the above case the C — I dis- 
tance is > 1.97 A., and is probably about 2.10 A. 



Fig. 2. Iodoform, CHI|. Molbcolar Configuration 
The undetermined portions are dotted. See figure lb for description. 

1 ,S ,4 ,5 ,6-Hexabromo- and hexoMcrro-cyclohexane {8). The 
cubic units of stmcture containing 4C6HeXe have the dimensions 
a = 10.49 A. (CJI,Br,) and a = 10.07 A. (C,H,C1,). The halo- 
gen atoms are in the general positions of the space-group TJ. The 
peculiarities in the intensities of reflection from (111) in various 
orders made possible determinations of the three parameters 
defining the positions of the halogen atoms. The parameter 
values are: X = 0.39, y = 0.22, and z = 0.085 for both C«H«Bre 
and CaH,Cl,. 

The minimum molecular symmetry is a threefold axis and a 
center of symmetry. The molecular centers are at 

(a) 


0,0,0;1,0,J;1, 
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or 

(b) I, ii; J,0,0j0,i,0;0,0, J 

These two possible molecular configurations are shown in figure 3. 
It is quite probable that the correct structure is as shown in 
figure 3a and that figure 3b represents the closest approach of 
halogen atoms of separate molecules (3.74 A.). Here, as for 
CHIt (compare),*’ the halogen atoms of separate molecules are 
approximately at the comers of an octahedron (figure 3b). 



Fio. 3a. 1,2,3,4,5,6 -Hbxabromoctclohioxanb, CsHiBre. Molidcular Con* 

naXJRATION 

PoBsible positions of the carbon atoms (black circles) are indicated. 

Fio. 3b. 1,2,3,4,5,6 -Hbxabromoctclohbxanb, CeHiBri. Octahbdral Ab- 
RANGBMBNT OF AtOMS OF SbPARATB MoLBCXTLBS 

Bromine atoms alone are shown. 

n the carbon atoms are assumed to be situated as shown in 
figure 3a, the C — C distance being 1.54 A. as in the diamond, with 
X « -0.076, y “ +0.099, and z ■* —0.065 for the bromide, and 
X « —0.079, y “ +0.103, and z = —0.068 for the chloride, then 
the C — ^Br distance is about 1.94 A., and the C — Cl distance is 
about 1.81 A. This assumed structure gives a tetrahedral distri- 
bution of the carbon valences, which might be expected from the 
aliphatic nature of the compound. 
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Some simple derivatives of ethane (9 ) . The results obtained from 
x-ray examinations of a number of orthorhombic derivatives of 
ethane are partially shown in table 1. 

The dimensions of the orthorhombic unit of structure con- 
taining 4C»X,Y8_ are given in table 1. The space-group is 
FV and the positions of the halogen atoms are defined by ten 
parameters. A molecule possesses a plane of symmetry and it 
is probable that two of the halogen atoms are in this plane and 
four are outside it as a plane of symmetry. The probable dis- 
tances (r) of the halogen atoms from this plane are given in the 
fifth column of table 1, and a halogen to halogen distance (2r) in 
the last column. 


TABLE 1 


A summary of the results obtained from some simple derivatives of ethane 


COlfPOUNO 

a IN A. 

6 IN A. 

C IN A. 

r IN A. 

2r 

CiQi 


10.14 

6.39 

1 46 ±0.04 

2.90 

CiBre 


10.70 

6.72 

1.68 ±0.04 

3.16 

CfCliBri 

11.73 

10.37 


1.66 ±0.04 

3.10 


Bii 

10.36 

6.31 

1.66 ±0.04 

3.10 

C»Br»F 


10 76 

6.66 

1.68 ±0.03 

3.16 

CsCliBrt 


10.44 

6 64 

1.62 ±0.09 

3.04 

CHrf3Br,CBr,CH, 


10 90 

6 65 

1.69 ±0.06 

3.18 



10.44 

6.67 

1.78 ±0.01 

3.66 


The observed quartering of planes {hkO) (for CjCU and CjBre) 
for which h is odd and halving of planes (MO) for which A is a 
multiple of four require the parameters of the halogen atoms in 
the a direction to be i, |, f, or |. The observed presence of 
planes (hOl) for CjCh and CjBr* with h odd prohibits a molecule 
from having a second plane of symmetry, parallel to (100), and 
suggests instead that it has an approximate center of symmetry. 
K tins is true, then the shortest Br — Br distance in C*Br« between 
bromine atoms on different carbon atoms would probably be about 
3.40 A., in contrast with about 3.16 A. on the same carbon atom. 
This second distance is somewhat less than the x-x separation in 
C»H«Brt, but the distances, nevertheless, are closely similar. 
The halogen atoms of one molecule are at the comers of an octa- 
hedron (see figure 4). 














CRYSTAL STRUCTURES 07 ORGANIC COMPOUNDS 499 


The structure analyses were not carried furth^ , but if one 
assumes that the carbon atoms are in the plane of symmetry, as 
seems highly probable, that their separation is about 1.54 A., 
that the bromine or chlorine atoms in the plane of symmetry 
are a distance 2r from those outside that plane, and that the 
carbon atoms are equidistant from the halogen atoms attached 
to one carbon atom, then a molecule of the type shown in figure 
4 k obtained. In such a molecule the halogen-carbon dktanoes, 
not assumed, are for Br — C, 1.97 A.,'for Cl — C, 1.81 A., in agreo* 
ment with the values foirnd on the^basis of certain assumptions 




Fig. 4. Hexabromostbanb, CiBri. A Possible Molecular Configuration 

The pseudo center of symmetry is indicated by the cross mark. The carbon 
atoms are represented by black circles, the halogen atoms by open circles. 

for C«H(Br( and C|H«C1«. The parameters in the c direction have 
not been determined, so it is impossible to allocate the molecutes 
in the structure. 

In the case of the last four compounds given in table 4 the {fiane 
of symmetry is present (requiring for instance the F atom of 
CtBrtF to be on the plane of ssunmetry) but the peculiarities of 
reflections from {hkO) are absent, so that their structures, althoui^ 
closely similar to those of CtCU and CsBr«, can not be as thor- 
oughly determined. 
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The two modifications of CtChBij have in the past been 
assumed to be CCljBr • CCl»Br, and CCh • CClBrj. The intensity 
measurements for the two compounds, however, show none of the 
differences which would be expected if the first of these formulas 
is correct. The analysis of the results rather suggests that both 
crystalline modifications have the formula CCls’CClBr*. It is 
difficult on this basis to see why crystallization from particular 
solvents should not result in changing one modification into the 
other. 

Observations were also made on tetragonal modifications of 
CHj-CBrj-CBrj-CH* and C 4 (CH 3 ) 4 Brj and on the orthorhombic 
(CH 8 ) 8 C-C(CH»)jOH, but the structures were more complex in 
these cases; the analyses were not as complete as for the ortho- 
rhombic crystals described above. 

Other halogen compounds. lodosuccinimide (10), w-iodoben- 
zoic acid ( 11 ), carbon tetraiodide ( 12 ), carbon tetrabromide ( 12 ), 
hexachloro- and hexabromo-benzene ( 12 ), tetrachloronaphtha- 
lene (13, 14), and 1,2, 3,4,5, 8 -hexachloronaphthalene-l, 2,3,4- 
tetrahydride (14). 

Observations have been made on the above compounds, but the 
positions of the halogen atoms have not been determined, al- 
thou^ this could perhaps readily be done in some of the cases if 
suflScient experimental data were available. In particular the 
observations on CI 4 and CBr^ ( 12 ) may be insufficient, since 
similar results obtained from the analogous Snl 4 have been shown 
to be seriously in error (15). 

The determined units of structure of hexabromobenzene and 
hexachlorobenzene are shown in table 5. It is to be noted that 
the length of the b axis (the synunetry axis) is 3.84 A. for the 
chloro derivative and 4.04 A. for the bromo derivative. These 
values are but slightly greater than the halogen to halogen 
distances of separate molecules previously noted in aliphatic 
compounds. It suggests that the length of the 6 axis is deter- 
mined by the closest distance of approach between carbon and 
halogen atoms of separate units of structure. 
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Ohaervaiions on vajma 

Interference has been noted in x-radiation and in high velocity 
electron beams, scattered from vapors of organic compoimds 
containing chlorine. The interference maxima are determined 
by the intramolecular relationships. Results obtained from 
CCh (16, 17) indicate that the Cl — Cl disttmce within the molecule, 
assuming a regular tetrahedral configuration, is 3.3 A. (16), or 
3.14 A. (17) ; <he corresponding C — Cl distance is 2.02 A. or 1.91 A. 


TABLE 2 

Halogen to halogen dietancee in some organic compounds 


0X8TANCB 

COMPOUKD 

On laxne 
carbon 
atom 

BBPABATI0» 

On 

adjacent 

carbon 

atoms 

On 

separate 

molecules 

BaifABKe 

I-I 

CHI, 

3.67 


3.94 


Br— Br 

CeH^r, 

— 

3.40 

3.74 


Br— Br 

CfBr, 

3.16 

3.40 

— 


Br — Br 

CeBr, 

— 

— 

4.04 

Questionable 

Cl-Cl 

C^.C1. 

— 

3.26 

3.59 


Cl— Cl 

C.C1. 

2.90 

3.33 

— 


Cl-Cl 

c,a, 

— 

— 

3.84 

Questionable 

Cl-Cl 

CtHjClt ct> 

— 

3.6 

— 

Gas 

Cl-Cl 

CCI 4 

3.30 

— 

— 

Gas 



3.15 

— 

— 


Cl-Cl 

C,H4C1, (1, 1) 

3.40 

— 

— 

Gas 

Cl-Cl 

C,H4a, (1, 2) 

— 

4.4 

— 

Gas 

Cl— ^1 

CfHiCli (rone 

— 

4.1 

— 

Gas 


These values agree within the limits of experimratal error with 
those obtained from CtCh and CtHeCh. 

Observations of x-radiation scattered by da- and <rons-l,2- 
dichloroethylene and by 1,1- and 1 ,2-dichloroethane (18) indi- 
cate that in these compounds the Cl — Cl distances are: 

^traru 

Oj j ■ 8.4 A. Oj 2 4.4 A. 

These distances are compared in table 2 with those obtained from 
crystal structure detmninations. 
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The values obtained for the Cl — Cl distances in 1 ,2-dichloro- 
ethane and trans-l ,2-dichloroethylene are probably not to be 
compared with the values found for 1,2, 3,4,5, 6-hexabromocy- 
clohexane and hexabromoethane, since these latter correspond to 
other than minimum distances of separations. The structiiral 
formulas are probably: 

H Cl 

\ / 

c 


H Cl 

\ / 
c 


c 


/ \ 


H Cl 


C 


/ \ 

Cl H 


ci«-l,2-Dichloroethylene tron«-l,2-Dichloroethylene 


H H H 

\l/ 

c 

I 

c 

/l\ 

H Cl Cl 
lyl^Dichloroethane 


H H Cl 

\l/ 

c 

I 

c 

/l\ 

Cl H H 
l,2*Dicliloroethane 


The particular formula of 1,2-dichloroethane is required by the 
rather large chlorine to chlorine distance in that compound 
(table 2). 

Ihe results obtained from the limited number of aliphatic 
halogen compotmds examined indicate that the halogen-carbon 
distances are approximately constant in such substances. The 
values determined from various compounds are listed in table 6. 

It is known from theories of organic chemistry that the halogen 
atoms of the compounds listed in table 2 are not united to one 
another by “primary” valence forces. The interatomic distances, 
since they are much greater than those required by probable 
atomic diameters, are in agreement with this concept. There is, 
however, a greater constancy in the halogen-halogen distances 
listed in table 2 than would perhaps be required by the con- 
straints of characteristic cartxm-halogen distances. The persist- 
^t regularity in the relative positions of the halogen atoms of 
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separate molecules also suggests that interaction of halogen atoms 
plays a prominent rdle in both the intermolecular' and the intra- 
molecular relationships. 

Structure dderminations for carbon and some carbon compounds 

The high crystallographic symmetry of a few organic com- 
pounds has facilitated their complete structure determinations. 
In one case the analysis was markedly aided by selecting a com- 
pound which contains only one molecule in the unit of structure, 
thus avoiding the difficulty produced by the intermolecular 
relationships. Examinations of. the members of homologous 
series, although complete structure determinations could not be 
made, have nevertheless yielded much information. 

In the following discussion the possible positions of the hydro- 
gen atoms will not be considered, save in the case of hexamethy- 
lenetetramine. It is probable that these atoms play some r61e 
in determining the intermolecular relationships. One can assume 
that the C — H distance is about 1.13 A., and the N — H distance 
about 1.08 A., corresponding to the values found from analysis 
of band spectra of CH and NH (19). 

Diamond {20), graphite (21, 22). The crystal structures of the 
two crystalline modifications of carbon are ^own in figure 5. 

In the diamond, which has a cubic structure, each carbon atom 
is surrounded by four other carbon atoms placed at the comers 
of a regular tetrahedron. This supports the original van’t Hoff 
hypothesis of the tetrahedral arrangement of the carbon valencies. 
This arrangement was early introduced as a prototype for the 
crystal stmctures of aliphatic compounds. The observed C — C 
distance in the diamond is 1.54 A. This distance has been intro- 
duced as a basic assumption in some structure determinations. 

In graphite, the hexagonal modification of carbon, the carbon 
atoms in one plane are associated as an interlocked group of 
hexagons. The closest distances of approach of carbon atoms in 
this plane are 1.42 A., while carbon atoms in separate planes are 
at least 3.40 A. apart. A flat hexagonal configuration is similar 
to the formula usually assigned to benzene. For this reason it 
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b 

Fzq. 5a. Diamond, C. 5b. Geafhitb, C. Atomic Arbanqbmbntb in thb Two 
Crtbtallinb MoDincATioNB OF Carbon 



b 

Fig. 6. HBOLucirraTLBNBTinrBAM^ CtHuNi. Thb Unit of Stbucturd and 
THB MoLBGULAB CONFIGITBATION 

Possible positions of the hydrogen atoms are indicated, 
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was expected that the crystal structures of benzene derivatives 
might be more closely related to that of graphite than to that of 
diamond. Hexagonal groups of atoms are also present in the 
diamond structure, but the atoms of these groups are not coplanar. 
In the diamond each carbon atom is surrounded most closely by 
four other carbon atoms, rather than by three other carbon atoms 
as is the case for graphite. Similarities are to be noted between 
the structures of hexamethylbenzene and graphite. 

Hexamethylenetetramine {2S). The body-centered cubic unit 
of structure containing 2 C*Hi 2 N 4 has Oo = 7.02 A. The analysis 
was facilitated by assuming the existence of C«HijN 4 molecules. 
The determined atomic positions are: 

C at uOO ; OuO ; OOu ; flOO ; OflO ; 00a 

§ *4" W, i, li, I; §, §, J WJ f “ tl, J, ~ t4, ■ tt 

N at vvv ; vtw ; titiv ; mw 

i + f, i + f, i + i-», i + f, i-ti, J + » 


with u — .235 and v - 0.12. 

The unit of structure and the molecular configuration, with 
possible positions of the hydrogen atoms, are shown in figure 6. 
The minimum molecular symmetry is that of the point group T or 
Ti. Each carbon atom is surrounded by four atoms at least two 
of which, nitrogen atoms, are approximately at the vertices of a 
regular tetrahedron. Each nitrogen atom is equidistant from 
three carbon atoms, but is not in the plane of the carbon atoms. 
The minimum N — C distance is about 1.44 A. The minimum 
distance between the C atom of a (CHx) group of one molecule 
and that of another is about 3.72 A. 

Urea { 24 ), thiourea {24, ^5), acetamide {26). Both urea and 
hexamethylenetetramine are monoacidic bases and form addition 
compounds with salts and with molecular compounds. The 
crystal structures of these substances might be expected to give 
some indication of these heteropolar characteristics. 
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The tetragonal unit of structirre contains 2C0(NH|)* (see 
figure 7a) and has o = 6 = 5.73 A., c = 4.77 A. Hie atomic 
positions are: 

0 and C at 0 i t;; i 0 1 ; 

N at M, J — u, v\ J — iZ, tl, ti 4- J, i;; u + i, w, v 


with Mn = .13 ±.01, % “ .20 ±.02, Vc = .32 ±.02, and Vq = .57 
±.03. 



Fig. 7a, Ukba, CO(NHi)i. The Atomic Arbangbment 
Fig. 7b. Ubea, CO(NHf)i, and Thioxtrea, CS(NHf)i. The Molecular Con- 

FIGURATIONS AND MINIMUM MOLECULAR SYMMETRIES 


The urea molecule is required to have two planes of symmetry 
and a twofold axis of symmetry (figure 7b). The interatomic 
distances within a urea molecule are C — 0, 1.05 — 1.42 (about 
1.30) ; C — NHj, 1.07 to 1.30 (about 1.20). The NH» groups of one 
molecule are most closely surrounded by the oxygen ends of other 
molecules (figure 7a), as might be expected from the heteropolar 
nature of the compound. The mininniim distance between an 0 
atom and an NHi group of separate molecules is about 3.15 A. 
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In the crystalline state the formvila must be a symmetrical one, 

NH, 

/ 

o=c 

\ 

NH, 

The seven parameters defining the atonaic positions for the 
orthorhombic CS(NHs), have not been satisfactorily determined. 
Quantitative measurements of intensities of x-ray reflections 
would probably lead to a complete structxire determination. The 
TninimiiTTi molecular sjunmetry is a plane of symmetry (figure 7b), 
and it is possible that the molecule has the same symmetiy as 
urea. It is probable that the C — S distance is about 1.81 A. (25). 
(Compare C — Cl in C JI#C1« and C*C1«.) In the crystalline state 
the formula must be the symmetrical one rather than 

NH 

/■ 

HS— C 

\ 

NH. 

Acetamide, CH,CONHi, has been studied, but a complete 
structure determination was not possible. The rhombohedral 
imit of structure having a = 90°17', and oq = 8.05 A. contains 
OCHsCONHa. The molecule is asymmetrical (space-group Cjt). 
It is possible that three molecules are associated in SCHiCONHt 
groups. 

Some observations have been made on methylurea CO(NH|) 
(NHCHj) and on S 3 Tnmetrical dimethylurea CO(NHCH»)i (12). 
It is possible that each of the molecules of the latter compound 
has a plane of symmetry as the formula suggests, but this could 
be ascertained only from a re-examination of the compound. 

HexamethylJbenzem {27). This is the only aromatic compound 
for which a satisfactory structure determination has been made. 
The dimensions of the triclinic unit of structure containing one 
centrosymmetrical molecule of C«(CH8)* are: 

a - 9.010 A. b - 8.926 A. e - 6.344 A. 

with 

a - 44"27' fi - 116'43' 7 - 119*24' 
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The intensities of reflections were measured quantitatively. The 
peculiarities in the determined structure factors, arising from a 
pseudo hexagonal atomic arrangement in (001), allowed the 
complete determination of the structure even thou^ the atomic 
positions are defined by eighteen parameters. The space-group 
is C\. 

The atomic arrangement in (001) is shown in figure 8b. Groups 
of atoms are present. These groups are to be identified as the 
molecules of C«(CHj)«. Their presence demonstrates the exist- 
ence of the organic molecule as a separate entity in the crystalline 
state. A molecule not only has a center of ssmunetry but also 
possesses a pseudo sixfold axis and a pseudo plane of symmetry, 
that is, the plane in which all of the carbon atoms are located. 
Six of the carbon atoms of a particular molecule are arranged in a 
closed hexagonal grouping. The minimum C — C distances in 
such a group are 1.42 ±0.03 A., in agreement with one of the 
characteristic C — C distances of graphite. The six CH» groups of 
a molecule are arranged as shown in figure 8a. The distance 
between a carbon atom of the hexagon and its adjacent methyl 
group is 1.54 ±0.12 A., in agreement with the minimum C — C 
distance in the diamond. The coordinates of the atomic positions 
in the a b plane, expressed as fractions of the axes of the unit of 
structure are: 


(o) (b) 

P (± 0.071 ± 0.182) 

® (=F 0.109 ± 0.073) 

p (T 0.180 =F 0.109) 


(a) (b) 

® (± 0.146 ± 0.371) 

® (T 0.222 ± 0.149) 

(T 0.867 T 0.222) 
M 


The closest distances of approach of carbon atoms of separate 
molecules is approximately d (oou = 3.694 A. The projection of 
two units of structure on (001) is shown in figure 8b. The 
closest distances of approach between CHe groups of separate 
molecules in (001) are about 4.1 A. 
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^ \ In Projection 

ij 


chJ 


C) ^ 


Pio. 8b. 


C//j 


\AbovePrmection 
/ Plane 


* P«»Kno» o, ^ *_„ .. 
Rangbmbnt on (001) ^ atomic Ab- 

The projection wae made from below a. 
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Methane (28), ethane (29). Molecular rotation in the solid state 
(SO). The crystal structures of methane and ethane have been 
determined from powder photographs at liquid nitrogen tem- 
peratures. Methane has been examined at liquid hydrogen 
temperatures. It has a cubic close-packed structure with Oo » 
6.36 A. (figure 9b). 



Fig. 9a. Ethane, CiHe. 9b. Methane, CH4. Units of Stbucttob 
Carbon atoms only are shown. 

The hexagonal unit of structure containing 2CaH< (figure 9a) 
has a - b = 4.46 A. and c » 8.19 A. The positions of the carbon 
atoms are: 


i> i m; Ji h l-«; I. b « + 1; i» b « 

The value of Uc is probably .15 — .16, corresponding to a mini- 
mum C — C distance of 1.46 — 1.64 A. (1.55). The determined 
association of two atoms to form a molecule need not be assumed 
in the structiure determinatioDS. 

In the case of methane it has been pointed out (30), from 
consideration of ihe specific heat data, that the molecules are 
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probably rotating above 20°K and that the structure, a closest 
packing of spheres, is partially determined by this rotation. 
Molecular rotation in the solid state is probably a determinative 
factor in the x-ray diffraction patterns of many crystals. In 
particular the rotation of the ammonium ion and the water mole- 
cule in compounds at ordinary temperatures probably accounts 



Fio. 10. A Pabtial Gbaphicai. Scioiabt of thx Long Spacing Data fob Somx 

Aliphatic Compounds 


for the fact that these molecules occupy positions in crystals with 
symmetry elements not compatible with those of the non-rotating 
molecule (30). 

The structure of ethane may be considered as a hexagonal 
''close packing” of ellipsoids of revolution which are the rotating 
CsHe groups. For this reason it is without significance to com- 
pare the intermolecular distances in ethane with those found for 
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hexamethylenetetramine and hexamethylbenzene. One distance 
of approach for ethane molecules, a of the hexagonal unit of 
structure, is 4.46 A., that is, approximately equal to the distance 
4.48 A. between rotating CH 4 molecules in the methane structure. 
The closest distance between carbon atoms of separate ethane 
molecules is about 3.64 A., in agreement with distances found for 
the two previously mentioned compotmds. 

Results obtained from long chain aliphatic compounds. Diffrac- 
tion patterns from paraffin were noted as early as 1913 (31). 
Later observations (32) made by reflecting x-radiation from films of 
sodium oleate solidified on glass surfaces demonstrated the 
presence of reflections from some plane of great spacing. Syste- 



Fig. 11. a Possible Chabactbbibtic Atomic Arrangement in a Saturated 
Aliphatic Hydrocarbon Group 

Carbon atoms only are shown. 

matic investigations have now been carried out on the x-ray 
diffraction characteristics of the various members of a number of 
homologous series. 

The published data from long chain aliphatic compounds have 
usually been obtained from powder photographs and from reflec- 
tion photographs made from thin films solidified on flat surfaces 
(glass). The photographs are characterized by the presence of 
a number of orders of reflection from a plane having a great 
spacing and by reflections from a few planes having spacings 
between 2.0 and 5.0 A. A portion of the long spacing data as 
listed in the International Critical Tables (33) is summarized in 
figure 10 . The data may be considered to fall into three groups 
having the following increases in spacing with the addition of 
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each methylene group: (a) about 1.30 A.; (b) about 2.60 A.; and 
(c) values intermediate between these two. 

It was first suggested (34) that the long spacing measurements 
(o) and (6) were obtained from planes normal to the axes of the 
hydrocarbon chains, and that the change of this spacing with 
addition of methylene groups is a measure of the changes or 
twice the changes in the length of the chain. In case (c) the 
hydrocarbon chains are inclined to the planes of maximum spac- 
ings (35). The diffraction data from a number of compounds 
may be explained (36) by a coplanar “zig-zag” arrangement of 
the carbon atoms in a particular hydrocarbon group (figure 11). 
It is possible for the angle ao to be that of a regular tetrahedron. 

Investigations have now been carried out upon (1) single crys- 
tals or flattened crystalline aggregates of several hydrocarbons 
(class (a)) and (2) single crystals of several fatty acids (class 
(c)). The results of these investigations have supported in part 
the conclusion of the earlier work. 

(1) Nonacosane (S7) and other hydrocarbons. Crystals of 
nonacosane, CjnHeo, are probably orthorhombic, as is shown by 
the approximate orthogonality of the crystallographic axes and 
more definitely by the absence of particular refiections. The 
dimensions of the unit of structure containing 4C2»H6o are given 
in table 3. The space-group is C^, in which case the molecule 
does not have an element of symmetry, or F** , in which case the 
molecule has a plane of symmetry perpendicular to the axes of 
the chains which are parallel to the c axis of the crystal. It is 
possible, but not probable, that the substance is monoclinic and 
the space-group is Ci^. The molecules are at x, y, i; x, y, 

^ + h, y + h I', X + h y + If the space-group is F***, 
the fifteenth carbon atom must be on the plane of symmetry. 
The molecule need have no other element of symmetry, but if the 
carbon atoms have a “zig-zag” arrangement in the chain, it is 
possible for them all to be in the same plane. This arrangement 
was assumed in the analysis of the structure, and results were 
obtained which explained satisfactorily the observed intensities 
of reflection. 
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A model of Ci«H«o is shown as figure 12. The following values 
were determined: 

u> - 1.62 - 1.23; * - 23“ - 30“; S - 2.54; 

^ - 44’ - 52“; D, - 3.6 - 3.9 A; D, - 1.8 - 2.0 A. 

Di «• about 4.0 oA; t + x — ca •* about 1/7.6. 



Fia. 12. Nonacobanb, CsqHco. A Partial Rbprbsbntation op the Stbuctubb 

The lettered designations are discussed in the text. Carbon atoms alone are 
shown. 

It is to be noted that the values of Dj and D» are approximately 
the same as those found for simple compounds. The value Di, 
of the m i nimum distance between scattering centers (assumed to 
be CHi groups) is much greater than the probable value found 
for simpler compounds (compare CaHe). 




TABLE 3 

Rmdts of x-ray examinations of some fatty acids and aliphatic hydrocarbons 
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Fig. 13. Lavbic Acn>| CiiHuCOOH. Thb Unit of Stbuctube Showing Two Pobublb Moi 
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Photographs of Cs»H(o made at liquid air temperatures and 
near the melting point merely show sli^t alterations in the 
diffraction patterns as produced by expansion of the lattice. It 
is improbable that the molecules are rotating at room tempera- 
ture. Detailed observations have also been made on compressed 
powders of C»sHn and C 70 H 1 M (?). The results were similar to 
those obtained from Ct«H«o (33). 

A hydrocarbon containing an even number of carbon atoms 
can not have a plane of symmetry perpendicular to the axis of 
a “zig-zag” chain. For this reason it is probable that the space- 
group would be other than Vj® for such compoxmds, imless the 
unit of structure contained eight non-equivalent molecules. 

(2) Laurie add (39), stearic add {S5), bromostearic add (35), 
stearolic add (35), and behmolic add (35). The results obtained 
from these compounds are smnmarized in table 3. The crystals 
are all monoclinic prismatic; the point-group is C*. The mono- 
clinic unit of structure for lauric acid, containing 4CHj(CHs)i(r 
COOH, is shown in figure 13. The meaning of the symbols a, b, 
c, and 3 used in table 3 are perhaps evident from this figure. 

Laiuic acid probably has an atomic arrangement derivable 
from space-group or Cl* . If the structure is to be derived from 
one of these space-groups the molecules probably can not be 
crystallographically identical since the formula does not permit a 
center of symmetry. Two possible structures are shown in 
figure 13. In either case the lauric acid molecule has a plane of 
symmetry perpendicular to the symmetry axis. Structures in 
which the molecules have centers of symmetry are precluded 
by the formula of the compound. A spiral structure of the chain 
is impossible, and if the molecule has a “zig-zag” configuration 
the carbon atoms must all lie in the plane of symmetry. The 
great length of the c axis suggests that the hydrocarbon chains 
are approximately parallel to that axis. 

Stearic acid too has a structure isomorphous with point-group 
C|, and it is assmned that the molecule has a plane of symmetry. 
For all the acids studied the value of a 6 sin 0, which is supposedly 
the cross-sectional area occupied by two molecules, is approxi- 
mately constant, and is the same as for the hydrocarbon non- 
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acosane, CstHea. 


It has been suggested that t, 


a sin /3 
b 


or 


— 7 — depending upon whether 6 > o sin /S or 6 < o sin |3, is a 
a sm fi 

measure of di/d* in the hypothetical chain shown in figure 11. 
That this is probably not the case can be ascertained by an in- 
spection of figure 12. It is to be noted, however, that in all 

cases save that of stearic acid, e is expressed as — r — • The 

a Bin 0 

fact that the b axis of stearic acid is approximately equal to a sin 
0 for lauric acid makes it very dilBScult to see exactly what struc- 
tural relationships they have in conunon. It is possible that 
stearic acid only simulates monoclinic symmetry. 

From the indicated variations of the angle 0 (table 3) it perhaps 
can be seen that no direct significance could be attached to the 
long spacing measurements (c sin 0) for the fatty acids listed m 
figure 10. If it is assumed that the axes of the hydrocarbon 
groups are approximately parallel to the c axis of the crystal, then 
the increase in the length of this axis might be used as a measure of 
the increase in chain length on addition of methylene groups. 
This change between lauric and stearic acids is 11.9 A., corre- 
sponding to about 1.98 A. for each methylene group. This value 
is markedly smaller than that of the compounds of type (a) shown 
in figure 10, for which the more complete examination of nonaco- 
sane suggests an increase of 2.5 A. in the length of two hydrocarbon 
chains upon addition of a methylene group. It would seem that 
the molecules of the fatty acids do not have their chain axes 
accurately parallel to the c axes of the crystals. 

AKphalic dicarboxylic acids (40). The results of examination 
of a number of aliphatic dicarboxylic acids are shown in table 4. 
The crystals are all monoclinic and it is probable that the space- 
group is Ca. The acids with an even number of carbon atoms in 
the chain have but two molecules iu the unit of structiure. In 
such cases the space-group symmetry requires each molecule to 
have at least a center of symmetry; this is possible from the chemi- 
cal formula, since the end groups are similar (see figure 14). 

The acids with an odd number of carbon atoms in the chain 
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have four molecules in the unit of structiure which are not re- 
quired to have an element of S 3 rmmetry. This might be expected 
since the formula will not admit of a center of symmetry. The 
values of a c sin /3 (table 4) are the same for these compounds as 
for the fatty acids and the hydrocarbons listed in table 3. This 
suggests that this constant area is a characteristic of two hydro- 
carbon chains and is unaffected by the presence of dissimilar end 
groups or by atoms such as bromine. 

As is the case for monocarboxylic acids, no direct significance can 
be attached to the values of the maximum spacings (c sin 0), 


HOOC 




C 
H2 


H- 


COOH 


H 2 ^^2 ^2 


■HOOc' ''C' ''C' 'COOH 

Fig. 14 . Dicabboxtlic Acidb. STBtrcrtrBAi. Fobmiti>as 
The possible symmetry center is indicated by the cross mark. 

althou^ the variations in 0 are quite small. The dicarboxylic 
acids, however, clearly illustrate the characteristics (a) and (b) 
of figure 10. Ilie increase in the length of the c axis between 
adipic acid and hexadecanedicarboxylic acid (even numbers of 
carbon atoms) is 15.08 A., corresponding to 1.25 A. for each added 
methylene group (a). The change in the length of the c axis 
between pimelic acid and brassylic acid corresponds to an increase 
of 2.65 A. for each CHt group. The axes of the hydrocarbon 
chains are probably closely parallel to the c axes of the crystals. 
The suggested separations of the end groups of different molecules 
are listed in table 4; these distances are approximately the same 
as those found for simple compounds. 
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Observations have also been made on a series of mono-^allsyl- 
malonic acids, di-n-alkylmalonic acids and acid amides (41). 
Single crystals were not used. Measurements have be«i made on 
single crystals of oxalic acid (42) , and of succinic acid (43) . These 
structures are not to be compared with those discussed above 
since their properties are more dependent upon the carboi^l 
groups. 

Alkylammonium halide. Molecular rotation in the solid state. 
X-ray investigations have been carried out on single ciystals of a 
number of primary (44, 46), tertiary (46), and quaternary (47, 
48, 49) alkylammonium halides, tetramethylammonium per- 
chlorate and permanganate (60), and some alkylammonium 
chlorostannates and platinates (61). These oompoimds have 
structural characteristics sinnilar both to ionic inorganic com- 
pounds and to molecular organic compoimds. A few typical 
structures are discussed below. 

The results are best exemplified by primary n-amylammomum 
chloride, CsHnNHsCl (30, 44, 62). This compotmd is tetragonal. 
A straightforward analysis of the x-ray data obtained at room 
temperatures leads to the conclusion that the unit of structure 
contains 2NHtC(HiiCl and has a =‘ b = 6.01 A. and c 16.69 A. 
The Cl, N, and C atoms are at 0|w, §0u with t^oi = about .096. 
The absence of refiections in odd orders from planes {hW) with 
(h + k) odd and the intensities of reflections from other planes 
such as (200) require the carbon atoms of the CtHu group to 
scatter x-radiation as if they were arranged colinearly m each 
group. The determined atomic arrangement is shown in figure 16, 
in comparison with that of ammonium chloride. 

It has been pointed out (30) that this result, that is quite in-’ 
compatible with the results obtained from other long chain ali- 
phatic compounds, might arise from rotation of the molecule about 
its long axis at room temperatures in the solid state. Photo- 
graphs made at liquid air temperatures support this prediction 
and indicate that the true unit of structure contains 4NHiC6HiiCl 
and that it has the approximate dimensions a » 6 7.0 A., c 

a about 16.6 A. A possible resulting atomic configuration is 
shown in figure 16 (it is assumed that the crystsfls are tetragonal 
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at liquid air temperatures). This has not yet been accurately 
determined. The C — C distance along the chain axis is probably 
about 1.25 A., in agreement with the data from other long chain 


Qa Qv 



mmonium 


PxQ. 15. Pbimabt n-AMYLAMMomuM ChlobidB; NHsCftHiiCl. A Repbbsxnta- 
TION OP THE TbUB UnIT OP StBUCTTUBB AND OP THE PSEUDO UnIT DUE TO 
Moleculab Rotation, Which ib Indicated by Abbows 

The poaitions of the carbon atoms are in part hypothetical. A portion of the 
unit of structure of ^'high'^ ammonium chloride is shown for comparison. 


compounds, and it is possible that the C — C separation is about 
1.64 A. 

Hie ionic characteristics of the structure of primary amyl- 
ammonium chloride suggest that in the crystals at room tempera- 
tures the nitrogen atoms are on the axes of the hydrocarbon 
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chains. The value of a 6 sin /3 (for the smaller \init of structure) 
is approximately 25.0 A., but it is hardly to be compared with the 
values listed in table 3 since it seems rather to be determined by 
salt-like properties of the compound, such as the separation of the 
RNHs+ ion and the Cl" ion. This large area occupied by a aingh 
hydrocarbon chain (figure 15) probably reduces the crystal 
forces and the geometrical constraints sufficiently to allow molec- 
ular rotation at room temperatures. The TniTiiTnnm distance 



I 


I 

I 

Fiq. 16. (NHiCiHu)+, N(CHi)4'*’, and NH(CtHi)»+. Molbcttlab Conrouba- 

TIONB 

between the end groups of separate hydrocarbon molecules mi^t 
well be approximately the same as that foimd for other organic 
molecules. The configuration of a single (NH|CjHu)+ group is 
shown in figure 16. 

The crystal structures of the primary n-butyl- to heptyl- 
ammonium halides, and primary methylammonium bromide 
and iodide are s imilar to that of soffium chloride or ‘‘hi^’’ ammo- 
nium chloride, as may perhaps be seen by inspection of figure 15. 
The structures of primary methylammonium chloride and the 
primiffy propylammonium halides (figure 17) are more closely 
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related to that of caesium chloride or “low” ammonium chloride. 
Molecular rotation in the solid state probably modifies the 
structures of these compounds at room temperatures. 

A representation of the unit of structure of N(CH8)4C1 (47) is 
shown in figure 17, in comparison with that of ammonium chlo- 
ride. The structures of the other tetramethylammonium com- 



b a 


Fig. 17a. Tbteambthtlammonitjm Chlokidb, N(CHi)4C1. Thb Unit of Stbuo- 
TtTBB Showing thb Pbbxtdo Sob Unit (ABCD as Babb) which is to bb Com- 
PABBD WITH THB UNIT OP StBUCTTTRB OF ‘*LOW^^ AmMONIUM ChLOBIDB 

Fig, 17b. Primabt Pboptlammonium Ohlobidb, NHtCiHrCl. Thb Psbttbo 
Unit op Stbuctubb with Indicated Molboulab Rotation 

pounds are similar. In these compounds the nitrogen atom of 
each alkylammonium group is surroimded by four methyl groups 
at the com^ of a tetragonal bisphenoid (figure 17). The con- 
figuration of a NH(C8H()t+ group as derived from the deter- 
mined crystal structures of the triethyl ammonimn halides (46) 
is shown in figure 16. It is possible that, in both these types of 
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compounds, the alkyl groups are rotating in the crystalline state 
at room temperatures, but it is improbable that the N(CH«) 4 '*' 
and NH(CtHt)i''- groups as a whole are rotating. 

The group configurations shown in figure 16 are probably to be 
found in such compoimds as substituted ammonium aliuns and in 
the alkylammonium halogen stannates and platinates (51). 

Further discussion of results obtained from some long chain 
compounds. “Long spacing” measurements for hydrocarbons 
and related compounds have permitted certain structural deduc- 
tions even thou^ complete structure determinations could not be 
made. In the first place the hydrocarbon chain is very long in 
one direction and is not in part folded back on itself. Ketones, 
such as RCOCHt, show an increase of about 2.5 A. in the “long 
spaciug” for the addition of each (CHa) group (53). This 
suggests (note the structure of lauric acid) that these groups 
are sufficiently polar to cause an end-to-end orientation of two 
molecules. A ketone, RCOR', must have an extended structure 
rather than a folded one, such as 

R 

\ 

CO 

/ 

R' 

It has been shown that there are probably two or more modifica- 
tions of the fatty acids (55) and of the satiurated aliphatic hydro- 
carbons (56). 

It has been suggested (54) that the well-known oscillations in 
properties between compounds with even and with odd numbers of 
carbon atoms arise in part from the “zig-zag” nature of the group- 
ing. The alterations of the chemical relationships in dicarboxylic 
acids (57) are probably to be accounted for by their derived 
structures (40). 

Observations made on polymerized formaldehyde piroducts 
(58, 59) show that the condensation products are greatly elon- 
gated in one direction. A number of diacetate derivatives of 
polymerized formaldehyde 

CHr— 0— (OCH.),— 0— C— CH, 

II II 


O 


o 



Unit of siruciure and space-group determinaiions for some organic compounds 
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with 8-19 CHjO groups show an increase in the long spacing from 
23.7 A. to 43.7 A., corresponding to about 1.9 A. for each CH*0 
group. Preliminary observations on a number of “polyaies,” 
C*H| — C=C — 0=C‘ • -CJEIj (60), indicate that the long spacing 
increases about 1.5 A. for each added — C==C — group; this sug- 
gests that the arrangement might be 

— C C— C 

II II II . 
c— c c— 

It is probable in these cases that the increase in the “long spac- 
ing” is not a true measure of the change in the length of the chain 
upon addition of groups (note the fatty acids). 

UNIT OF STRUCTURE, SPACE-GROUP, AND MOLECULAR SYMMETRY 

DETERMINATIONS 

The complexity of the structures of most organic compounds 
and the lack of guiding principles to aid in their elucidation has 
prevented a more thorough analysis than a unit of structure and 
space-group determination in some cases. Efforts have been made 
to detect structural similarities from the dimensions of the units 
of structures of related compoimds. Some instances in which 
such a method has met with an element of success are described 
below. 


Aromatic hydrocarbons 

The results obtained from a number of aromatic hydrocarbons 
are listed in table 5. In each case the space-group is Gn, The 
units of structure contain four asymmetric molecules or two 
molecules that must at least have a center of symmetry. Thus 
naphthalene, anthracene, diphenyl and dibenzyl have at least 
a center of symmetry. Stilbene and dimesityl with symmetrical 
formulas do not necessarily have an element of synunetry. The 
values of a, of a sin jS, and of b, and therefore of a5 sin /9, are mmilftr 
for naphthalene, anthracene, diphenyl, phenanthrene and fluorene. 

It has been suggested (63) that the change in the length of the 
c axis, 2.50 A., between naphthalene and anthracene is a measure 
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of the width of the benzene ring. It is said that a calculated 
periodicity of scattering matter along the c axis supports this 
su^estion. An effort has been made to determine l^ese struc- 
tures (61). Simplifying assumptions were made to reduce the 
fifteen parameters for anthracene to four. The structure de- 
termined, in which the benzene ring had characteristics similar 
to aliphatic compounds, was said to be compatible with the 
experimental data. Later work, however, indicates that the cor- 
rect structure is one in which all of the atoms of a particular 


X 


Qpxdbisqpx 


\t 19.24 

oo 


Fig. 18 . Stbugtubal Fobmxtlas fob Phbnanthbibnb and fob Diphbntl 
Centers of symmetry are indicated by cross marks, 

molecule are in one plane (61a). This is in agreement with the 
results obtained from the structure determination of hexamethyl- 
benzene (27), which is a more complete structure determination. 
A close similarity is to be observed in the values of c or of c sin 
for fluorene, phenanthrene, and diphenyl; the values of c sin 
are 2 X 9.42 A., 2 X 9.62 A., and 9.45 A., respectively. Tlie 
su^;estion has been made (64) that the phenanthrene molecules 
are arrai^d along the c axis as shown in figure 18. The similari- 
ties between these ccnnpounds and naphthalene and anthracene 
suggest that the molecules are oriented relative to the crystallo- 
graphic axes, approximately as shown in figure 19. The actual 
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dimensions of the unit of structure are not relative measures of 
the molecular dimensions. 

The dimensions of the units of structure for stUbene and dibenzyl 
are similar in the length of the b axis to those of the compounds 
mentioned above. In all of the above cases the formulas are 
probably extended rather than folded back in part. 


OIO GO 


AnfhrActne 


t 

N^phthsltM 



fjuortni 

Dtbtmyl 



c 

StUbene 




Fig. 19. STKucrtrRAL Formulas of a Number of Aromatic Hydrocarbons 

Centers of symmetry are indicated by cross marks. Possible positions of the 
axes relative to the molecules are shown schematically. 


Sugars and sugar-like compounds 

The units of structure of d-glucose, d-fructose, d-cellobiose (65) 
a-methylglucoside (m.p. IIO^C.), and a-methylmannoside (66) 
are listed in table 5. In each case the molecule, as might be 
expected from its chemical formula, does not necessarily have an 
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element of sjrmmetry. Close similarities are to. be noted in the 
dimensions of the units of structure of (f-glucose and o-methyl- 
glucoside, and of d-fructose and a-methylmannoside. The vol- 
umes of the units of structure of a-methylglucoside and ce-methyl 
mannoside are the same within experimental error; the densities 
are the same, although the dimensions of the units of structure 
are markedly different. 

Dinitrohmzenes {67) 

Unit of structure and space-group determinations have been 
carried out for o-, m-, and p-dinitrobenzenes (table 5). p-Dinitro- 
benzene has at least a center of symmetry, as might be expected 
from its formula. m-Dinitrobenzene has either a center of sym- 
metry or a plane of symmetry; the former can hardly be the 
case. An inspection of the published data (67) does not show 
clearly whether the plane of symmetry is perpendicular to the 
benzene ring as suggested, or whether the benzene ring and the 
nitrogen atoms, as well as perhaps the oxygen atoms, are in the 
plane of symmetry. In either case the length of the c axis, 3.82 
A., is a measure of the closest distance of approach between two 
molecules of separate units of structure. This distance is approxi- 
mately the same as the closest distances of approach between 
atoms of separate molecules of other organic compounds (table 7). 

Compounds CRt 

The minimum molecular symmetry has been determined for 
some tetrasubstituted products of methane. Pentaerythritol 
C(CHaOH )4 (70), pentaerythritol tetraacetate C(CHjOCOCH »)4 
(71) and the tetramethyl ester of methanetetracarboxylic acid 
C(COOCHa)4 (72) probably have molecular symmetry corres- 
ponding to that of the point-group Si. The substituted groups 
are arranged tetrahedrally around the central carbon atom. In 
each of the above cases the tetragonal unit of structure contains 
2 CR 4 , and the space-group is Cj, and Cj respectively. The 
results are in agreement with the accepted tetrahedral distribution 
of the valences of carbon in aliphatic compounds. 

Observations on dibenzalpentaerythritol (73) indicate that 
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the molecule must have three twofold axes which are perpendicu- 
lar one to the other, corresponding to the symmetry of the point 
group V. The hexagonal unit of structure contains 3 Ci«Hio 04 ; 

0 8 12 n ir 12 ' 8' 8' 

CH— CH O— CH, CH,— 0 CH— CH 

/ \4 / \ / \ 4 '/' \ 

HC C— CH C HC— C CH 

i\ / 7 \ /10\ / ^ \ /»' 

CH^H O— CH, CH,— O CH=CH 

2 3 8 9 9' 8' 3' 2' 

and has a = & = 6.03 A., c = 36.7 A. The space-group is Dj. 
The molecule has a twofold axis along which the atoms designated 
as 1, 4, 7, 10, 7', 4' and 1' must be placed. The constituents of 
the benzene ring (1, 2, 6, 4; 4, 3, 5, 1; 4', 3', 5', 1'; 1', 2', 6', 4') 
must in each set be in a plane, as must also be the atoms 4, 7, 8, 
12; 4', 7', 8', 12'. It is possible for all of the atoms of one mole- 
cule to be in a plane. These results might in part arise from 
molecular rotation in the solid state, but the symmetry require- 
ments of the molecule do not suggest such an explanation. 

Crystals of pentaerythiitol tetraformate (74) have been 
examined. The orthorhombic unit of structure containing eight 
molecules has o = 19.80 A., 6 = 9.90 A., c = 11.70 A. The mole- 
cule does not necessarily have an element of symmetry. 

Celhdoae and other fibrous materials 

A fiber x-ray diagram is obtained from an aggregate of crystals 
or crystallites of a particular material which have some common 
paraUel crystallographic direction. Such a diagram was first 
noted for hemp fibers in 1913 (75) . Investigations have now been 
carried out on a number of fibrous organic materials — cellulose, 
hair, muscle, nerves, etc. The characteristics of the fiber dia- 
grams give some indications of the physical properties of the 
materials. 

Attempts have been made to determine the structure of the 
cellulose residue (CeHioOs),, from ramie fiber diffraction data 
(76, 77). The spacings of the observed interference pattern can 
best be explained by a monoclinic unit of structure containing 
4C6Hi60t, having a -> 8.3 A., b »> 10.3 A. (fibw axis), c » 7.9 A., 
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and about 84°. This small number of C<HioO( groups 
in the unit of structure is hardly in conflict with the known hi^ 
molecular weight of cellulose, since it is probable that only a 
periodicity along the fiber axis is determined from the diffraction 
data. The postulated atomic arrangements in the glucose residue 
of ramie (76, 77) are hardly to be emphasized, since even the struc- 
ture of crystalline glucose is yet unknown. 

TABLE t 


Interatomic distances in some organic compounds 


DIBTANOB 

1 

^ COMPOUND 

VALUB IN A. 

C-I 

CHI, 

>1.94 (2.10) 

C-Br 

C,H,Br, 

1.94 


C2Br6 

1.97 

C-Cl 

C,H,C1, 

1.81 


C,C1, 

1.81 


ecu 

1.91 

C-N 

CJIuN, 

1.44 

0-0 

CO(NH.). 

1.25 ±0.17 

c-s 

CS(NH,), 

1.81 (?) 

c-c 

C.H, 

1.55 ±0.09 


C,(CH,), 

1.54 ±0.12 


Long chain compounds 

1.54 


Diamond 

1.54 

c-c 

Graphite 

1.44 


C,(CH,), 

1.42 ±0.03 

C-H 

CH (band spectra) 

1.13 

N~H 

NH (band spectra) 

1 1.08 


GENERAL DISCUSSION 

It was pointed out in the introduction that complete crystal 
structure determinations of some organic compounds indicate 
the presence of groups of atoms in such compounds. These 
groups, which are the chemical molecules, are characterized by 
certain minimum distances of approach between separate atoms 
within the groups, which are markedly smaller than the shortest 
distances between the atoms of different groups. The interatomic 
distances within the molecules, as determined from a few com- 
pounds that have been discussed, are listed in table 6. The 
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values are quite constant but, on account of the wide linoitations 
of parameter values, minor variations could not necessarily be 
detected. It is expected that these values are approximately the 
ones to be foimd in other organic compoimds. 

The distances between atoms of separate molecules are not as 
constant as are those between atoms of the same molecule. Some 
regularity, however, is to be noted in the values for a number of 
halogen compounds (see table 2). Results obtained from a few 
compounds which contain only carbon, hydrogen, nitrogen, and 
oxygen are given in table 7. The values are quite similar, even 
though the possible effects produced by the hydrogen atoms in 
the different compounds might be expected to cause variations. 


TABLE 7 

Minimum distances of approach between carbon atoms of adjacent organic molecules 


COMPOUND 

D18TANCB ZN A. 

CiHe 

3.64 

Ce(CHj)« 

3.69 

C«HijN4 

3.72 

m-C6H4(N02)i 

3.82 

OnUso* • * 

3.fr-3.9 

CijHi nOi^Ci «H|40 j 

3. 5-3. 8 

Graphite 

3.35 



That these values should be greater than those listed in table 6 
is perhaps to be expected from the molecular nature of organic 
compounds, which implies differences between the intermolecular 
and intramolecular forces. These differences are exemplified by 
such physical properties as low melting points, high compressi- 
bility coefiicients, etc., of molecular compounds as compared with 
ionic ones. 

In some cases the heteropolar characteristics of the compound 
result in certain regularities in the arrangement of molecules with- 
in the structmes. This is to be noted in urea and in some of the 
halogen compounds which have been studied. It is i}erhaps also 
true of nitro derivatives of benzene. Such compounds usually 
have melting points which are comparatively hi^er than those 
of other organic substances. 
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The determined atomic arrangements in aliphatic compounds 
are in agreement with the concept of a tetrahedral distribution of 
the carbon valencies. For reasons necessitated by the structure 
analyses the compounds examined have usually been quite sym- 
metrical ones. In these cases a carbon atom could have a regular 
tetrahedral distribution of its valencies, but such an arrangement 
is not necessarily general. One might expect that if several 
dissimilar atoms are connected to the same carbon atom, the 
departure from a regular figure might be quite marked. This 
concept, however, is not supported by any results yet obtained. 

In graphite and hexamethylbenzene the three directions in which 
a carbon atom is surrounded most closely by other atoms are all 
in the same plane. It is possible that this arrangement is a 
characteristic one for aromatic compounds. The tetrahedral 
distribution of carbon valencies is probably to be found only in 
aliphatic compounds. 

The determined minimum molecular symmetries of organic 
compounds are usually in agreement with expectations based on 
the structural formulas. In the case of indigo, however, the 
presence of a center of symmetry was not necessarily expected. 
The symmetry of dibenzalpentaerythritol could be compatible 
both with the requirement of ‘'plane” benzene rings and with the 
tetrahedral configuration of the aliphatic carbon atoms. It is 
to be emphasized that the symmetry determined from the x-ray 
diffraction data is the minimum one, except in a few special 
cases. 

Attempts have been made to determine the atomic configura- 
tions of special isomers, such as maleic and fumaric acids and of 
optically active compounds such as d- and i-tartaric acids. 
These attempts have not been very successful. The diffraction 
characteristics of optical isomers of a compound are necessarily 
the same since reflection of x-radiation adds an effective center of 
symmetry. Optically active compounds always crystallize in 
forms belonging to one of the eleven crystal classes which possess 
no planes of symmetry. 
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Oxides of carbon other than ,carbon dioxide and carbon mon- 
oxide have received very little mention in American chemical 
literature. This review of carbon suboxide, CjOj, and its proper- 
ties will attempt to bring up to date the information available 
on this interesting substance, which is now being investigated 
in the chemical laboratory of the University of Minnesota. 

HISTORICAL 

Brodie (1) in 1873 submitted carbon monoxide to the action 
of the electric current and found that the volume of gas contracted 
with the formation of carbon dioxide and of a transparent red- 
brown film on the walls of the tube. This film dissolved com- 
pletely in water to give a strongly colored solution with an in- 
tensely acid reaction. Analysis showed the substance to be an 
oxide of carbon, but samples from different experiments did not 
have the same composition. Brodie reported two oxides, C 40 » 
and CjOi. He suggested that a series of “oxycarbons” existed 
which would be analogous to the series of hydrocarbons of the 
acetylene series. On this basis C 4 O 8 was analogous to C 4 H« or 
crotonylene, and C »04 analogous to C»Hg or valerylene. 

Berthelot (2) repeated the work of Brodie and found that this 
brown oxide when heated decomposed to form carbon dioxide, 
carbon monoxide and a new oxide CwO*. He believed that a 
series of carbon suboxides (3) were formed from the reactions: 

n CO — » c,o. 


C»Ob —* C(b-i) O(o-j) + COj 
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He reported (4) the possibility of the first member of the series, 
C,0. 

The splitting and dehydration of esters of carbamic acid by 
phosphorus pentoxide was well known, such as the formation of 
phenyl isocyanate from the ethyl ester of carbanilic acid: 

C,HJSrHCOOC,H, -♦ C,H,N-C-0 + C,H.OH 

Diels and Wolf (5) tried this reaction on nitrogen-free esters in 
the hope of preparing a new class of compounds. When diethyl 
malonate was treated in this manner they obtained ethylene, 
water and a gas with a highly pungent odor, which on analysis 
was found to have the formula CsOj. A vapor density deter- 
mination confirmed this as the molecular formula. This sub- 
stance they named carbon suboxide. 

Berthelot (4) objected to the use of the name “carbon sub- 
oxide” for this compound on the basis that the name “suboxide 
of carbon” represented a whole family of compounds and no one 
member in particular. Micheal (11) also stated that the name 
“carbon suboxide” was not fortunately chosen since it did not 
express the composition of the compoimd and was also suitable 
for the compound CjO. He suggested the name “tricarbodiox- 
ide.” Otto Diels (12) replied that other names, as “dicarbonyl- 
methane” or “dioxoallene,” were also correct, but that they had 
tried to give the compound a simple name that showed that it 
consisted only of carbon and oxygen, as is emphasized in the 
names “carbon dioxide” and “carbon monoxide.” From this 
viewpoint the name chosen seemed appropriate, and as it had 
already gone into the scientific literature no attempt was made 
to change it. 


PBEPABATION OP CABBON SUBOXEDE 

Diels and Wolf (5) prepared the suboxide by treating diethyl 
malonate with a large excess of phosphorus pentoxide and heating 
the mixture to 300°C. The reaction took place as follows; 

CH,(COOC,H,), -» 2 H,0 + 2 CiH, + CiOj 

The products were drawn by a vacuum through a receiver cooled 
in ice to remove any ester which was carried over, and then into a 
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receiver cooled with liquid air where the ethylene and carbon 
suboxide were condensed. After the reaetion was over, the lat> 
ter flask was connected to a U-tube with a small bulb in the 
center. This was cooled with a Uquid air-alcohol mixture at 
—60° to —70°, and the receiver which contained the mixed 
product was removed from the liqiud air. The ethylene passed 
off while the carbon suboxide was condensed in the small bulb. 
No yield was reported by these authors. 

Diels and Meyerheim (8) found that other esters of malonic 
acid, such as the dimethyl, dibenzyl, and diphenyl esters, 
yielded carbon suboxide when treated with an excess of phos- 
phorus pentoxide. Other compounds, such as oxalacetic ester, 
C*HsOOC-CO‘CHsCOOCjHi, and methenyltricarboxylic ester, 
CH(COOC*Hj),, also gave carbon suboxide when treated with 
phosphorus pentoxide. Free malonic acid yielded carbon suboxide 
when heated with phosphorus pentoxide, but the yields were low 
(about 10 to 12 per cent) because of the splitting of the malonic 
acid into acetic acid and carbon dioxide. Stock and Stoltzen- 
berg (18) showed that the low yield by this method was due not 
to the decompoStion of malonic acid into acetic acid and carbon 
dioxide, but to the polymerization of the carbon suboxide formed. 
They devised a new apparatus in which they were able to increase 
the yield to 25 per cent. However Diels (19) considered the 
apparatus too elaborate for use in this preparation. 

Staudinger and Klever (10) applied methods used for ketenes 
to the preparation of carbon suboxide. Upon the treatment of 
dibromomalonyl bromide in ether solution with metallic zinc the 
following reaction occurred: 

COBr*CBri*COBr + 2 Zxi — ^ CiOi •+■ 2 ZnBri 

The ether was distilled off, giving an ethereal solution of carbon 
suboxide. Staudinger and Bereza (14), by treating malonyl 
chloride with various oxides and salts, such as silver oxide, lead 
oxide, zinc oxide, silver oxalate and silver malonate, prepared 
carbon suboxide in yields of from 5 to 10 per cent. 

CH,(CX)Cl)i + Ag,0 -► C,0, + 2 AgCl + H,0 
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Acid chlorides were found to react with silver malonate to give 
carbon suboxide in yields of 1 or 2 per cent. It was also found 
that dibromomalonyl chloride in ether solution reacted with zinc 
dust, so that by dropping the solution of the acid chloride on the 
zinc dust at such a rate that the ether boiled vigorously, and by 
condensing the vapors in a cooled receiver, an ethereal solution 
of carbon suboxide was obtained which corresponded to an 80 per 
cent yield. 

Ott (17) found that carbon suboxide could be prepared in good 
yields by the pyrogenic decomposition of diacetyltartaric an- 
hydride or acetoxjmialeic anhydride. 


CHtCOO— CH— CO 

\ 

O -> 2 CHjCOOH 

/ 

CHaCOO— CH— CO 

CHaCOO— C CO 

\ , 

O CHaCOOH 

/ ■ 

CH— CO 


+ 


C— CO 


\ 

O -♦ CaOj + CO 

/ 


C— CO 


Ott believed that the course of the reaction was the splitting off 
of acetic acid, which he isolated to the extent of 90 per cent of 
the theoretical value, and the formation of the anhydride of 
acetylene diacid, which decomposed into carbon suboxide and 
carbon monoxide. The diacetyltartaric anhydride may be easily 
prepared from acetic anhydride and tartaric acid. Using this 
method Ott (21) obtained a yield of 42.5 per cent of carbon sub- 
oxide. Ott and Schmidt (22) designed an apparatus for the 
carrying out of this reaction in which the vapors of the diacetyl- 
tartaric anhydride are passed over a heated platinum filament 
and the decomposition products are then collected and separated 
much as in the method of Diels. Using this apparatus they were 
able to prepare 31.5 grams of diacetyltartaric anhydride, or a 
yield of 41 per cent of the theoretical amount. Ott (31) reported 
that carbon monoxide reacted in an ozonizer to give the suboxide. 

4CO -♦ C,Oi + CO, 
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CONSTmmON of carbon soboxibe 

The constitution of carbon suboxide has given rise to con- 
troversy. Diels and Wolf (5) considered that carbon suboxide 
had the constitution 0=C=C=C=0, and gave the following 
equation for its formation: 

C3H,(COOC,H,)» — 2 C.H« + 2 H,0 + 0:C:C:C:0 

It was shown that carbon suboxide gave reactions similar to 
those of the ketenes, so they considered it to possess the diketene 
structiu^. Micheal (6), howe.ver, thought that it would be 
possible to split off ethylene and water in such a way as to leave 
a cyclic compound. 

OO2H6 


COOC2H5 c c 

H,C -» HC O -♦ C O 

\ \ / \ / 

COOCjH, C C 

II il 

O 0 


Thus carbon suboxide would be the lactone of /3-hydroxypropionic 
acid. Diels attempted to show, on the basis of the boiling point 
(8) and the molecular refraction (9) of carbon suboxide, that the 
constitution which he had suggested for this compound was the 
correct one. His arguments were refuted by Micheal (11), but 
again stated by Diels and Blumberg (12). 

Staudinger and Klever (10) considered carbon suboxide to be 
a diketene, and applied methods of preparation which had been 
used for the ketenes, such as 

COBr*CBr 2 -COBr -f 2 Zn 0:C;C:C:0 •+■ 2 ZnBra 

Redgrove (20) calculated the molecular heats of combustion 
and of formation of the compound according to the two formulas, 
but no data have ever been given as to these constants. 

The diketene formula of Diels is the one usually accepted and 
written. However, the formula of Micheal has never been 
proven to be incorrect. 
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PBOPEBTIES OF CABBON STHSOXIDE 

The physical properties of carbon suboxide are of considerable 
interest. It is a gas under ordinary conditions, having an un- 
bearable odor like acrolein and mustard oil (5). In small 
amounts it acts as a lachr 3 anator; in hi^ concentrations it 
attacks the eyes, nose and breathing organs, giving a feeling of 
suffocation. The gas is easily condensed to a colorless, refrac- 
tive, extremely mobile liquid having a boiling point of +7° at 
761 mm. pressure (5). Its density at 0° compared to water at 0® 
is 1.11 (8). It can be solidified to large crystals which melt at 
—107° to —108° according to Diels and Meyerheim (8), and at 
— 111.3° according to Stock and Stoltzenberg (18). The vapor 
pressure was measured by Stock and Stoltzenberg (18) over a 
range from —100° to +6°, and by Edwards and Williams (26) 
from —62° to +4°. The latter also calculated the heat of vapor- 
ization from their vapor pressure curve. The molecular refrac- 
tion of the liquid at 0° was found to be 16.6 (9), The refraction 
and dispersion of the gas were studied at several temperatures 
(15). 

It is in its chemical reactions that carbon suboxide shows its 
most interesting behavior. Diels and Wolf (5) found that it 
bums in air to form carbon dioxide. 

CsOj 2 O 2 — ► 3 CO 2 

They showed that its reactions with simple substances were those 
that would be expected from a diketene. It reacts with cold 
water to form malonic acid. 

0:C:C:C:0 + 2 H.O -» CH,(COOH), 

It reacts with ammonia and aniline at temperatures under 0° 
to form malonamide and malonanilide. 

0:C:C:C:0 + 2 NH, CH,(CONH,), 

0:C;C:C:0 + 2 C,H»NH, -♦ CH,(CONHO,H,)t 

It is reported that the latter reaction may be used for the quanti- 
tative determination of carbon suboxide. It reacts with dry 
hydrogen chloride to form malonyl chloride. 

0:C:C:C:0 + 2 HCl -» CH,(COCl), 
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It also reacts with bromine to form dibromomalonyl bromide (10). 
0:C:C;C.0 + 2 Br, -+ CBr,(COBr), 

Diels and Lalin (13), using liquid sulfur dioxide at -30® to 
—40® as solvent, found that carbon suboxide reacted with formic 
acid giving crystals having the composition (C»Oi + 2 HCOOH), 
With water these crystals gave an equivalent amoimt of formic 
and malonic acids, so the compound may be a mixed anhydride 
of malonic and formic acids, having the formula 

C(h-o— OCH 

/ 

CH, 

\ 

CO— O— OCH 

Carbon suboxide and acetic acid also reacted to give a compound 
having the properties of a mixed anhydride of malonic and acetic 
acids, whose formula would be 

CO— 0— oc • CH, 

/ 

CH, 

\ 

CO— O— OC • CH, 

In a succeeding paper (23) the properties of these compounds 
were discussed. Carbon suboxide split water from anhydrous 
oxalic acid and gave the oxalic anhydride C 2 O 1 , which immedi- 
ately decomposed into carbon dioxide and carbon monoxide. 

0:C:C:C:0 + (COOH), CH,(COOH), + C/), -♦ CO, + CO 

This reaction was carried out in acetone, and there also resulted 
the lactone of /J-hydroxyisopropylmalonic acid. 

(CH,), : C— CH • COOH 

1 I 

O— CO 

Malonic acid with carbon suboxide gave a product resembling 
polymerized carbon suboxide. 

The reaction of carbon suboxide with hydrogen sulfide was 
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also studied (23). With an excess of hydrogen sulfide the fol- 
lowing reaction took place: 

0:C:C;C:0 + 2 H,8 -► H,C(COSH), -♦ COS + CH,COSH 

When both were in the proportion of one to one, colorless crystals 
were formed to which the constitution 


CO “ "S — oc 

/ \ 

HsC CH. 

\ / 

CO— S— OC 

was assigned. 

This substance reacted with ammonia according to the equation 


CO— s— OC 

/ \ 

HjC CH, + 4 NH, -♦ 2 H»C 

\ / 

CO — s — oc 


COSNH 4 

/ 

\ 

CONH, 


forming the ammonium salt of thiomalonamidic acid. When 
heated in a high vacuum the substance decomposed. 

CO— s— OC 

/ \ 

HsC^ CH, C,0, + H,C(COSH), -» COS+CH,COSH 

CO— S— OC 


van Alphen (24) studied the action of ketenes, including carbon 
suboxide, on various hydrazine derivatives, such as phenyl- 
hydrazine, phenylhydrazine with substituents in the nucleus 
and methylhydrazine. From the results with the ketenes, one 
would have expected from carbon suboxide and phenylhydrazine 
to obtain malonyl-bis-phenylhydrazide. 


CO— NHNHC,H, 


CH, 

I 

CO— NHNHC,H. 
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However this compound was not obtained. It is probable that 
phenylhydrazine reacted thus: 

C,H,NHNH, + O : C : C : C : O C,H,NHNHCOCH : C : 0 

I I 

C,Hr-N N C,H,— N NH 

I II II 

O : C— CH,— C— OH CO— CH,— CO 

l-Pheayl-3, S-diketopyrazolidine 

III II 

Formula I was ruled out since. the compormd would not react 
with aniline to give the expected CeHsNHNHCOCHjCONHCzHs. 
Compound II was easily changed to its tautomer (III) by heating 
or alloAving to stand. On boiling with water the compound was 
split to phenylhydrazine and malonic acid. When there were 
two moles of phenylhydrazine to one of carbon suboxide a 
molecular compound of structure 

C,H,— N NH 

I I + C,H,NHNH, 

O : C— CH,— C : 0 

was formed. Similar compounds were formed using o-tolyl-, 
m-tolyl-, o-nitrophenyl-, p-nitrophenyl- and methyl-hydrazines. 
With urea a small amount of barbituric acid was formed. 

NH, C : O NH— CO 

I II II 

CO + C CO CH, 

I II II 

NH, C : O NH— CO 

With p-phenylene diamine a white compoimd was obtained 
which was insoluble in all solvents and which had not melted 
at 320°. The constitution assigned to it is represented by either 
(A)or(B). 

NH CO NH— COCH,CO— NH 

0 r 0 0 

NH CO NH— COCH,CO— NH 


(A) 


(B) 
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Rimilflr compounds were formed with m- and o-phenylene 
diamine, and the structures (C) and (D) were assigned to these 
compounds. 



(C) 


(D) 


TABLE 1 

Addition compounds formed by carbon suboxide and tertiary bases 


PROPORTION OP 
BA8B TO ClOt 

Isoquinoline 


Quinoline 


Quinaldine 


Nicotine 


Codeine 


Atropine 


Quinine 

m 



Diels and Hansen (25) studied the reaction of carbon suboxide 
with sulfur dioxide and suggested the reaction 

0:C:C:C:0 + SO, — CO, + 0:C:C:S:0 

followed by the polymerization of the latter compound. They 
found that tertiary bases formed addition compounds with carbon 
suboxide and prepared a series of these compounds. (See 
table 1.) 


POLTMEKIZATION OF CAKBON 8TJBOXIDE 

The hi^y unsaturated character of carbon suboxide causes 
it to polymerize very readily. Diels and Wolf (5) foirnd that 
the liquid at room temperature changed in the course of a day 
into a solid, amorphous, dark red substance which was completely 
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soluble in water giving a red-brown or eosin-red solution. At a 
higher temperature (37°) the polymer loses carbon dioxide, leav- 
ing a product which contains less oxygen and is but partially 
soluble in water. The action of heat on the polymerized carbon 
suboxide thus explains the series of oxycarbons observed by 
Brodie and by Berthelot. The polymer when heated gave off 
carbon dioxide, carbon monoxide, and also carbon suboxide in 
fairly considerable amounts. The residue even when heated to 
glowing was not carbon, but a carbon oxide very poor in oxygen 
(8). The polymer resembled the monomolecular form in its 
anhydride properties. It rapidly took up water from the air 
and dissolved in water with the simultaneous evolution of carbon 
dioxide. 

Jones and Robinson (16) found that large quantities of a red 
solid having the properties of polymerized carbon suboxide were 
formed when they attempted to purify diamyl and diethyl 
thiomalonates. 

Stock and Stoltzenberg (18) believed the polymerization to be 
decidedly autocatalytic. The speed of reaction depended upon 
the nature of the surface of the vessel. The presence of phos- 
phorus pentoxide accelerated the polymerization extraordinarily. 
Ott and Schnaidt (22) foimd that carbon suboxide prepared from 
diacetyltartaric anhydride did not polymerize over phosphorus 
pentoxide, and attribute the results of Stock and Stoltzenberg 
to traces of volatile phosphorus compounds in the carbon sub- 
oxide prepared from malonic acid and phosphorus pentoxide. 
They also reported keeping pure carbon suboxide in sealed glass 
tubes for a quarter of a year without polymerization. Diels, 
Beckmaim and Tonnies (23) reported that this result was wrong 
and that the carbon suboxide prepared by this method polymer- 
ized with the same rapidity as that used in the earlier investigations. 

Edwards and Williams (26) found that the oxide in the gaseous 
state was very stable, even at room temperature, when dry and 
contained in a glass vessel the surface of which had not been pre- 
viously contaminated with the polymerized product. It could not 
be stored over mercury for any length of time or in the presence 
of moisture without the occurrence of polymerization. The 
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dried gas was not appreciably affected by exposure to ultra- 
violet light. The polymerization occmred on the surface of the 
containing vessel and the decrease in pressure was measured. 
The values of the velocity coefficient were calculated from the 
change in pressure on the assumption that from one to six 
molecules might be taking part in the reaction. The values so 
calculated fell off with the time, which led the authors to state 
that the reaction was probably a catalytic smface reaction. 

The decomposition of carbon monoxide in the corona discharge 
due to alternating electric fields was carried out by Lunt and his 
coworkers (27), who studied the kinetics of the formation of the 
red polymer and its properties. 

Some guesses have been made as to the probable structure of 
the pob'merized carbon suboxide. Hartley (7) assigned to it 
the formula: 


c 

\ 

O— C C— 0 

II II 

O— C C— 0 

\ ^ 
c 

From its anhydride properties Diels, Beckmann and Tonnies 
(23) believe'it to be: 


o==c==-c 


CO CO CO 

/ \ / \ 1 / \ 


\ / 

CO 


( c=c=o 

\ / \ / 

CO CO 

X 


CARBON STJBSXJLPIDE 

The sulfur analog of carbon suboxide was known long before 
carbon suboxide. It was prepared in 1893 by von Lengyel (28) 
who passed an electric arc through the vapors from boiling carbon 
disulfide and obtained a few grams of a deep red liquid whose 
composition corresponded to the formula C»Ss. It was also 
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prepared by passing carbon disulfide vapors throng a heated 
tube (29). 

It is an oily, evil-smelling liquid at room temperature. It 
melts at —0.5®, but on heating it changes to a hard black mass; 
however, it can be distilled at 60® to 70® in a vacuum with but a 
small amoimt of pol 3 rmerization. 

von Lengyel named the compound tricarbonium disulfide. 
Stock and Praeterius (30) assigned to it the constitution 
S : C : C : C : S and called it carbon subsulfide. They showed that 
it was similar to carbon suboxide in its chemical reactions, such 
as its reaction with aniline to form thiomalonanilide. Although 
more stable than carbon suboxide, it polymerized slowly at room 
temperature and in a few minutes at 100® to a black solid which 
was insoluble in water, sodium hydroxide solution and hydro- 
chloric acid. 
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The study of sulfur compounds represents a relatively neglected 
page of organic chemistry. In at least two directions its impor- 
tance is becoming felt more and more strongly, — the field of in- 
dustry and the field of biochemical research. The recognition is 
rife that many raw products, such as petroleum, shale oil, tars, 
etc., contain a wide variety of sulfur compounds which impera- 
tively demand removal and utilization. Equally pressing is the 
discovery that sulfur compounds play a prominent part in organic 
metabolism, where the — SH group achieves a fundamental r61e 
hitherto not fully realized. 

We have chosen for discussion the more restricted field of 
mercaptan chemistry, using the old term “mercaptan” in the 
wider sense of any compound containing one or more — SH groups. 
Our objectives in this paper are: (1) a critical presentation of the 
accumulated data in this field, (2) a discussion of the results of 
such a presentation, and (3) the outlining of outstanding research 
problems that suggest themselves to active workers in this field. 

We propose to treat the subject of mercaptan chemistry under 
the arbitrary but systematic headings of the following outline: 

1. Physical Characteristics 
II. Chemical Characteristics 
HI. Method of Preparation and Purification 

IV. Detection and Determination 

V. Special Interest Attaching to the Substances 

VI. Research Problems 

The subheadings will become apparent in the discussion. Our 
chief objective is to point out the essential facts and to indicate 
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their continuity with the corresponding facts of better known 
analogous compounds, such as the alcohols, phenols, etc. At the 
same time novel features and unsolved problems are bound to 
come to light. An effort, therefore, will be made to present specu- 
lative discussion right on the heels of the facts, with the hope of 
at least raising questions even if no final answer can be given. 

I. PHYSICAL CHARACTERISTICS 

1. General appearance 

Physical state. Methyl mercaptan (1) appears to be the only 
normally gaseous member of the type RSH, where R is substan- 
tially any type of radical. Hydroxymethyl mercaptan (2), how- 
ever, is a solid. The aliphatic mercaptans, in so far as they have 
been prepared, are liquids. Yet, /3-aminoethyl mercaptan (3) 
is a solid. It may be surmised that substitution of groups in 
the molecule has quite a marked effect on the physical state. 

Comparing mercaptans with corresponding oxygen compounds 
in regard to physical state reveals some differences. There are 
no gaseous members in the oxygen series. In the sulfur series 
thiophenol, o-thiocresol and a-naphthyl mercaptan are liquid 
(4); in the oxygen series the corresponding compounds are solid. 
p-Thiocresol and p-cresol, however, are both solids (6). The 
trend, of course, is more distinctly brought out in the data on 
melting points and boiling points. 

Crystal structure. There is a general dearth of data in this 
field, though vague descriptions abound in which reference is 
made to “needles,” “leaflets” or “platelets.” Where a series of 
compounds has been observed, e.g. the thiosulfocarbamates, NH 
=C(SH)SR (6), there is no consistency or continuity in crystal 
structure among homologues. Studies of the simpler members 
of the aliphatic series should be of interest, but are still 
unavailable. 

Color. Aliphatic mercaptans are almost exclusively colorless. 
This is so consistently true that any description of a preparation 
as “yellowish” would throw doubt on its purity. Thiophenol, 
the thiocresols and the naphthyl mercaptans (4, 7) are colorless, 
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and it is possible that other members of the aromatic group are 
not as yellow as they have been reported to be. On the other 
hand, it is quite evident that in a case like that of p-acetamino- 
thiophenol, two varieties may exist, one colorless and the other 
yellow (8). The colorless variety would be 

NHCOCH, 


and the yellow. 



Phenyl jS, jS'-dimercaptovinyl ketone, 

C,H,COCH : C(SH),, 

gold yellow platelets, may also be a case similar to that of p-aeet- 
aminothiophenol, although the existence of two forms has not 
been noted (9). Heterocyclic types furnish us with cases where 
a decided color may be expected. Thus, phentriazoxine mercap- 
tan 


0 
N 

N 

C— SH 
N 

forms red needles (10). o-Quinolyl mercaptan (11) is also red. 

More complex forms, as a-mercapto-jS-carbethoxythio-y-py- 
rone-jSi- hydroxythiophene, show different crystal forms of differ- 
ent color, as orange-red prisms and yellow needles, depending on 
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possible internal rearrangements (12). In any case the r61e 
of an — SH group in conferring color properties is apparently very 
similar to that of an — OH group (13). We should like to suggest 
that a close examination of the question would reveal that con- 
tamination with disulfides may have led to erroneous observa- 
tions on color in quite a few cases, and that more analogies with 
hydroxy compounds will be borne out as undue complicating 
factors of complexities of structure are ruled out. 

Odor. The unpleasantness of the odor of the mercaptans is 
proverbial. The odors have been referred to as "evil,*' “provok- 
ing,” “unbearable,” “furchtbar,” and the like. It is hard to see 
how one observer specifies thiophenol as having a garlicky, but 
“not unpleasant” odor (7a) ; but do gustibus non est disjmtandum. 
Nonyl and decyl mercaptans rise almost to the status of perfumes. 
Decamethylene thioglycol has been approved (14). p-Phenylene 
dimercaptan has a “peculiar odor” (15), while ^-thioanthrol, my- 
ricyl mercaptan, o-quinolyl mercaptan and o-xylylene dimercaptan 
are completely odorless (16, 16a, 16b, 16c). The parallelism with 
hydroxy compounds is evident in spite of prejuice. It is pos- 
sible, we have noted, to detect the choking effect of the butyl 
and amyl alcohols in the corresponding mercaptans. In some 
cases curious cancellations occur, as in pyridine mercaptan, which 
is almost odorless (17). There is some evidence that marked 
odor changes may be due to tautomerism. We may expect an 
equilibrium between 



8H 


N 


and 


Cu 

N 

H 

the latter yielding derivatives of ferocious odor. Should some 
such considerations rule this field there may be in it a rich har- 
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vest for the “Riechstoff” chemist, and, perhaps, the psycholo- 
gist as well. 

Taste. Either unusual courage or accident has produced the 
observations that o-quinolyl mercaptan. 


is tasteless and 



SH 



N 


is bitter (16b). Myricyl mercaptan is also tasteless (16a). 
Thioglucose has a sweet but unpleasant taste (18). Since these 
compoimds have no characteristic odor, they may perhaps find 
some use for abnormally jaded appetites. 

Miscellaneom. A direct, fast, orange dye is available in o- 
quinolyl mercaptan (16b). 


S. Identifying constants 

Density. The density data reported are of no high order of 
reliability. For aliphatic mercaptans they merely indicate a 
range of 0.833-0.894 without any consistent regularity, probably 
due to experimental error. ITie aromatic mercaptans are in gen- 
eral heavier than water. The thioglycols are also heavier (19). 
This is in general agreement with hydroxy compounds. 

Thermal constants, (a) Boiling points and melting points. The 
usual chaos of data exists with regard to melting and boiling 
points. Thus, ethyl mercaptan is reported to melt at — 121®C. 
as well as at — 144® (20). It may be suggested that hydrate for- 
mation is probably a factor in some cases. An interesting in- 
stance is that of o-quinolyl mercaptan with two molecules of 
water of crystallization. It melts at 58-9®, and in a desiccator 
gradually changes to a violet liquid (11). The hydrate is solid, 
the anhydrous compound is liquid. 
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The boiling points of mercaptans are generally consistently 
lower than those of the corresponding alcohols or phenols or 
glycols. A convergence becomes apparent for higher homologues 


TABLE 1 

Comparison of the boiling points of some mercaptans with those of the corresponding 

hydroxy compounds 


RADICAL ATTACHBD TO THB 
-SH OR -OH GROUPS 

MBRCAFTAN 

HTDBOXT COMPOUND 


Boiling point in "C. 

Boiling point in ^C, 

Methyl (21) 

6 8-7 6 

66 

Ethyl (22) 

34.7-37 

78.4 

n-Propyl (23, 22a) 

65 -68 

97.4 

Isopropyl (22a) 

63 -69 

82 8 

n-Butyl (24, 23, 22a, 21) 

96 -98 

117 

Isobutyl (22, 22a) 

86.0-88 

106.5 

Isoamyl (26, 22) 

116.6-122 

130 

n-Hexyl (26, 22a, 21) 

146 -8 

157 

n-Heptyl (22a, 21) 

174 -5 

175 8 

Ethylene (27) 

146 

197-197.6 

/3-Phenylethyl (28) 

106 at 23 mm. 

212 

y-Phenylpropyl (28) 

109 at 10 mm. 

236 or 119 at 12 mm. 

Propylene (19) 

162 

188 

Trimethylene (19) 

169 

214, 227 

Allyl (29) 

90 

96.6 

Phenyl (30, 6) 

166 -170 

182.6 

Tolyl (in o position) (5) 

194 -196 

190 8 

Tolyl (in p position) (31) 

190.2-191.7 

201 8 

Benzyl (32) 

166, 194-5 

204.7 



[1, 3, 2 211.2 

tn-Xylylene (33) 

167-8 at 15 mm. 

h, 3, 4 211.5 



[l, 3, 6 219.6 

Naphthyl (-SH or -OH in posi- 



tion 1) (5) 

286 

278-80 

Naphthyl (-SH or -OH in posi- 



tion 2) (34, 7) 

163-4 at 15 mm. 

286<6 


286 at 760 mm. 


Furfuryl (-SH or -OH in posi- 



tion 2) (35) 

166 

160-70 


where the effects of other groups predominate. The few instances 
given in table 1 will suffice to show this. The curves in figure 1 
give a comparison of the boiling points of some mercaptans with 
those of the corresponding hydroxy compovmds. 
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It is our opinion that the differences are not to be explained 
merely on the basis of different degrees of association, since in 
some cases the values of the two series are too close and in a few 
instances the relations are actually reversed. 



Fig. 1. Boiling Points of Soms Msrcaptanb and of the Corresponding 

Hydroxy Compounds 

(6) Heats of combustion and of formation. This is a promising 
but much neglected field. Several measurements have been 
made. Reference can be made (36) particularly to some experi- 
ments and calculations tending to show that the secondary val- 
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ences of sulfur in RSH are much less than those of oxygen in 
ROH (alcohols). The procedure involved the measurement of 
the heats of formation of the addition compounds formed by the 
given compound and the Grignard reagent, ROMgl. These re- 
sults were checked by displacement of the sulfur compoimds by 
the corresponding oxygen compounds. The heat of formation of 
the sulfur compounds and the heat of displacement by the oxygen 
compounds together equal the heat of formation of the oxygen 
addition compounds. In this way, the secondary valences of 
sulphur and oxygen are compared. The explanation is probably 
connected with the gradual increase in basicity as we go through 
the series sulfur, oxygen and nitrogen, 

(c) Other thermal data. Other thermal data, as specific heats, 
latent heats and the like, seem to be entirely lacking. There are 
a few isolated measurements on the variation of vapor tension 
with temperature (37) and a few determinations of critical tem- 
peratures (38, 22c, 22d), the latter being somewhat lower than 
for oxygen compounds. Ethyl mercaptan has been reported 
as forming mixtures of minimum boiling point with n-pentane 
and trimethylethylene (39). A harvest of analogies, involving 
matters coming in contact with theoretical issues, is quite cer- 
tain to be discovered in this field. 

Optical constants. Refractive indices have been obtained for 
only a few mercaptans (40, 22, 19a, 5). These yield a value of 
7.76 for the atomic refraction of sulfur (21), thus checking results 
on other sulfur compounds. Estimates have been made on very 
limited data of the optical exaltation of the grouping 

C=c— SH (30b) 


Optically active amyl mercaptan has been studied slightly (41), 
and mutarotation has been observed for glucothiose (42). Ab- 
sorption spectra of phenol and thiophenol have been compared 
(43). In spectra of the vapor the chief contrast is a shift from 
some 70 bands for phenol to 2 weak bands for thiophenol at 2870 
and 2798. On the basis of such facts it would be difficult to 
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develop any method of detection of thiophenol in phenol, but 
probably phenol in thiophenol would be easily noted. Many 
interesting possibilities come to mind which would have theoreti- 
cal as well as practical utility, but there is still very little to be 
gathered from the scanty observations except that both positive 
and negative analopes must be plentiful. 



Fig. 2. Internal Pressure of Some Mbrcaptanb and of the Cobrebponding 

Hydroxy Compounds 

Electrical constarUs. Measurements of conductivity are avail- 
able in some cases for thio acids, showing an increasing acidity 
on the replacement of sulfur for oxygen (44). It is taken for 
granted that mercaptans are more acidic than alcohols and phe- 
nols, but it is not known how much more acidic they are on the 
basis of conductivity or just where they stand in mutual rela- 
tion. Furthermore, tbe effect of substituting groups may be 
quite different in the sulfur series as compared with the oxygen 
series. There is no a priori reason for assuming additivity effects. 
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Miscellaneous constants. We have charted a series of values 
for the internal pressure of mercaptans (see figure 2) comparing 
them with the alcohols, according to the empirical formula: 

S200 “4“ 30 T 

Internal Pressure “ .^7-; ; — ■ — X Density at 20'’C., 

Molecular Weight 

where T is the boiling point in °C. (45). 

To complete our list we will mention some isolated viscosity 
measurements (46, 19a). Ethyl mercaptan shows higher values 
than ethyl alcohol, but mixtures of the two give still higher values. 
The “adhesional work” between ethyl mercaptan and water has 
been measured (47). It is less than that for ethyl alcohol. An 
internal pressure of 1490 atmospheres is reported, and in the 
Ramsay-Shields formula is 18.95 (48). These results may be 
of some value in the study of solubility. F'ragmentary data on 
cryoscopic behavior of phenyl mercaptan in phenol are also 
reported (49). 


S. Distribution data 

Solubility in various solvents. In the matter of solubility con- 
siderable contrasts are to be found between mercaptans and alco- 
hols and phenols. The aliphatic mercaptans are insoluble in 
water except for such compounds as hydroxymethyl mercaptan 
(2) and ^-aminoethyl mercaptan (3) which have solubilizing 
groups. Ethyl mercaptan at the same time forms a crystalline 
hydrate below 8° (50). The matter, however, is complicated 
by contradictions among observers. Thus, monothioethy- 
lene glycol is reported as slightly soluble (51), and also as com- 
pletely miscible (51a, 19a). The contrasts between sulfur and 
oxygen types, however, are more .likely. Compare for instance, 
the fact that p-nitrothiophenol is easily soluble in water (52), 
with the fact that p-nitrophenol is soluble only with difliculty. 

In alcohol the solubilities of most simple mercaptans are con- 
sistently high. Moderate solubility is shown by triphenylme- 
thyl mercaptan (53). More complex t3T)es, such as phentri- 
azoxine mercaptan (10) and /8-thioanthrol (16), are difficultly 
soluble. This contrasts again with the very high solubility of 
triphenylcarbinol and of j8-anthrol in alcohol. 



STUDY OP MERCAPTAN CHEMISTRY 


503 


A further contrast in solubility is found iu the fact that p- 
thioanthrol is not very soluble in ether, whereas /3-anthrol is. Tri- 
phenyhnethyl mercaptan (53) is only moderately soluble in ether, 
the corresponding carbinol being very soluble. Otherwise ether 
is an excellent solvent for mercaptans as well as for alcohols and 
phenols. The same apparently applies to benzene, and probably, 
to judge from scanty data, to carbon disulfide and chlorinated 
solvents. 

A phenomenon of color change on solution is to be found in the 
case of ana-bromo-o-quinolyl mercaptan (11), yellow in the solid 
state and reddish in acetone.' This resembles the color change 
often noted in the case of disulfides. This factor is here elimi- 
nated because the disulfide is white. It is probable that more 
such cases will be discovered and that their explanation would 
point to some form of association with the solvent. 

Adsorption, diffusion, partition, etc. No quantitative data 
have been published in the literature, though patents abound on 
the adsorption of mercaptans by metallic sulfides (54). In par- 
ticular the activity of cupric sulfide is receiving some attention 
at present. 

Partition studies are scarce. The distribution between hy- 
drocarbon solvents and various strengths of caustic soda, at 
least for the aliphatic series (55), has been taken up on account 
of the commercial urgency of the issue. The mercaptans are 
very weak acids indeed, and are largely inextractable and be- 
come totally inextractable as the molecular weight increases. 
A curious datum is the reijorted solubility of secondary hexyl 
mercaptan in potassium hydroxide of specific gravity 1.22 and 
its separation into two layers at higher temperatures (56). This 
may be due, however, to increased hydrolysis of the potassium 
mercaptide formed, and not to any pure distribution phenomenon. 

To summarize the state of our knowledge as to the physical 
characteristics of mercaptans, we should like to point out that the 
field is a fertile one for further study. There is a total, or almost 
total, lack of data on dielectric constants, conductivity, internal 
pressure, vapor tension, thermal constants necessary for thermo- 
dynamic calculation, and optical measurements. Many cor- 
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rections of the available data are needed. Distribution data in 
particular require re-working on a quantitative basis. 


II. CHEMICAL CHABACTERISTICS 


1. Stability and decomposition 

Thermal. Little has been done along the lines of a detailed 
systematic study of the thermal' stability of mercaptans. The 
evolution of hydrogen sulhde has been noted, and the formation 
of other products more or less guessed at (57, 51, 16). There- 
fore, we find both sulfides and disulfides and even elementary 
sulfur referred to. Then again catalysts seem to affect the re- 
action markedly (58). As to the decomposition of metal de- 
rivatives of mercaptans there is also disagreement. In the case 
of lead and similar mercaptides some authors write reactions 
showing only sulfide formation; others include the formation of 
some free mercaptan (59, 23, 7). There is also no doubt that 
mild decomposition sets in even under conditions of steam dis- 
tillation in many cases, especially with the higher aliphatic 
members (60, 22a). 

More should be done to segregate stable types from unstable 
ones. Thus thio acids, carbithionic acids (571) and complex mer- 
captans belong to the latter group. Particularly unstable are 
the mono-, di- and tri-thioglycerols, hydrogen sulfide being given 
off even below 100”. Triphenylmethyl mercaptan also shows 
ready decomposition. Occasionally a very special case turns 
up, such as that of 2,4,6,-trinitrothiophenol which explodes 
similarly to picric acid (57d). 

As a matter of fact — and our own unpublished work supports 
it strongly — ^by analogy with the alcohols one should expect olefin 
formation along with hydrogen sulfide, and, in the presence of 
some specific catalysts, hydrogen formation along with thio alde- 
hydes. This has been surmised also by Hurd (61) who formulates 
the possible reactions: 

CH,==CH, + HiS 


CHiCHtSH 




\ 


ICH,— CH=S] -1- H, 
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The thioacetaldehyde, he speculates, may form tetraphenylthio- 
phene. We have not found this latter speculation to be true. 
In general, olefin formation for the aliphatic t3i)es is predominant, 
and stability decreases with increasing molecular weight. The 
aromatic types are less stable than the aliphatic and probably 
follow a different course of reaction. 

Electrical decomposition and dissociation. No direct data are 
available. A few electrolytic oxidations, limited to thiourea 
types in which disulfides are formed, would indicate the existence 
of an anion due to slight dissociation as acids (62). 

Photochemical decompositions.. No data were found concerning 
photochemical decompositions. 

Miscellaneous: — tautomerism, rearrangements. In the study of 
the stability of compounds containing the — SH group one must 
keep in mind the possibilities of tautomerism and rearrangement. 
We may cite the case of thiocarbanilide (63), the ordinary for- 
mula of which is 

S=C(NHC,H.),, 

but which behaves with halogen alkyls as if it were 
C(=NC,H,)(SH)(NHC,H.). 

This is general for the group 

— C— NH 

as in thiourethans, thiosemicarbazide, etc. (64). 

Very similar is the reported tautomerism of thioacetamide 
caused by iodine (65). Cases more removed from these types 
are illustrated by the rearrangement (3) of /S-mercaptoethyl- 
phthalimide to /3-mercaptoethylphthalamic anhydride: 


•NH— CH, 



\ 

NCHiCHtSH Ti 

/ 


Jco 8 CH, 
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p-Acetaminothiophenol also shows two forms, one yellow and 
stable, the other colorless and labile (8). 

A type of change recently discussed is the equilibrium between 
esters of dithiocarboxylic acids and pseudo acids (44) : 

RC(: S)S • CoHs. + , RC(: S)SH 

These pseudo acids form pseudo salts. 

S imila r considerations apply to perthiocyanic acid which may 
be pictured in two forms (66) : 

s s 

/\ /\ 

S=C NH HS— C N 

i I II II 

HN C=S N C— SH 

Pseudo form Labile form 

The — SH group also gives rise on occasion to the so-called 
“thionylium ring” (67), as illustrated by aromatic o-hydroxy- 
sulfides: 



Isosulfide Dehydrosulfide 


In this connection we should like to point out that such studies 
are very likely to assume an important r61e in the investigation 
of the biological equilibrium of complex organic compounds con- 
taining an — SH group. Dextro and levo isomers of mercaptans 
and their Walden inversion are already attracting some atten- 
tion (68). 
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Formation of addition compounds 

A crystalline hydrate of ethyl mercaptan has been reported 
(50). There seems to be no reason why other mercaptans should 
not form hydrates also. Some parallelism, too, may be found 
in the consideration that mercaptides often form hydrates (69). 
Nevertheless, the possibility, suggested by analogy, of the addi- 
tion of hydrogen sulfide instead of water has apparently not been 
tested. 

Unsaturated hydrocarbons form addition products. Phenyl 
and benzyl mercaptans add to styrene, 1,1-phenylmethylethyl- 
ene, trimethylethylene and sohie terpenes (70). When com- 
pounds like benzylidene benzoyl acetone or cinnamylidene aceto- 
phenone, representing a very large variety of unsaturated ketones 
and diketones, are found to add mercaptans it is due, no doubt, 
to their functioning as unsaturated hydrocarbons (71). In con- 
formity with expectation in such cases the mercaptan residue adds 
to the most hydrogenated carbon atom. 

Addition reactions have been reported for halogenated hydro- 
carbons with mercaptans of the type of o-quinolyl mercaptan and 
the so-called thio amides (72). It is interesting to note that the 
same types form double salts with mercury, platinum, zinc and 
lead halides (73, 16b). This suggests a probability that similar 
cases would be forthcoming amongst mercaptans containing 
heterocyclic rings, e.g. imidazole mercaptan and its derivatives. 
Perhaps we may include in this set “chloral phenyl mercaptan," 
which is a definite individual, and a series of addition com- 
pounds formed preliminary to condensation between chloral and 
monothioethylene glycol or halogenated aromatic mercaptans 
(74). 

A reaction quite analogous to the addition of aldime (HCl- 
HCN) to phenols and phenol ethers is brought out in the case 
of all mercaptans, including the aliphatic types (75). Imino- 
thioether hydrochlorides are formed. The addition is of even 
wider significance, since in the presence of hydrogen chloride the 
place of hydrogen cyanide can be taken by acetonitrile, phenyl 
nitrile, benzyl nitrile, trichloroacetonitrile, and phenylene di- 
nitrile (76). 
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Additions with various quinones, phenanthraquinone and 
chrysoquinone have been foxmd, in particular for n-butyl, amyl, 
benzyl and phenyl mercaptans (77). This is analogous to the 
addition of phenols to quinone. We should also expect, there- 
fore, similar reactions for polymercaptans, since the reaction oc- 
curs for polyphenols. 

Observations have also been made on the addition of unsatur- 
ated acids, such as acrylic and cinnamic acids, and ketonic 
acids, such as pyroracemic acid, to aromatic mercaptans (74a). 
There are, however, quite a few irregularities and exceptions 
which in themselves should prove interesting. Both aromatic 
and aliphatic mercaptans seem to add to isatin and its derivatives. 
Compounds with ethylene oxide have been found (79). A 
group of mercaptans of the type of j8-aminoethyl and |3-methyl- 
aminoethyl mercaptans, are characterized by picrate formation 
(3). An odd case is the formation of an addition compound of 
ethyl mercaptan with the methyl ester of azodicarboxylic acid 

(80) . All these, of course, do not by any means exhaust the 
possibilities (81, 63, 57b). 

It may be said that on the whole both the aliphatic and aro- 
matic mercaptans come closer to phenols in respect to addition 
compound formation than to aliphatic alcohols. We are also 
of the opinion that the separation and study of addition types is 
likely to be simpler in the case of sulfur compounds than in 
that of oxygen compounds. As an instance we might cite the 
case of benzyl mercaptan adding to benzaldehyde to form benzyl 
a-hydroxybenzyl sulfide in the absence of a condensing agent 

(81) , a case in which a clean cut distinction can be made between 
addition and condensation. 

S. Condensations 

With compounds containing aldehyde and ketone groups. Nu- 
merous condensations have been reported with aldehydes (82, 
78d, 74, 57j, 33), ketones (83, 82g, 78d, 77, 62a), ketonic acids 
(78), sugars (84, 41), aldehydes in conjimction with bases, and 
the like. In the synthesis of soporifics, mercaptals, formed from 
aldehydes, and mercaptoles, formed from ketones, have played 
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an important part. A very strange contrast is that the analogues 
of the mercaptoles cannot be made by the same procediue in the 
alcohol series. Mercaptals have been made from aliphatic mer> 
captans and dimercaptans with many aromatic aldehydes, and 
even cyclic aldehydes such as thienyl acetaldehyde (82g). Aro- 
matic mercaptans have been condensed with both aliphatic and 
aromatic aldehydes in a wide variety of combinations. Piper- 
onal, cinnamic aldehyde, and furfural (78d) appear in a long list 
of reagents, and the mercaptan proper reactions have been ex- 
tended to aliphatic thio acids. The last mentioned form dithio- 
aldehyde aliphatic acids, which show a structure analogous to 
that of the mercaptals. Thus, dithiobenzaldehyde acetic acid 
would be (C6 H»)CH(SCHjCOOH)*. Few reactions with for- 
maldehyde have been tried (82e, 82i, 82k). Keeping in mind the 
complications that arise in the reaction of phenols with formalde- 
hyde, it would be of interest to see the matter investigated. 
One would expect, for instance, to find the sulfur analogues of 
H0(C,H4)CH,(C.H4)0H, and HOCeH^GHjOH, which are formed 
under different conditions in the reaction of phenol and formalde- 
hyde. 

Amongst the ketones used in condensations we find acetylace- 
tone (83a), thiophenylacetone (83), thioethylacetone (83), 
2, 3-diphenylindone (77), and diketones of the type XCOYCOZ 
(83a) in combination with aliphatic and aromatic mercaptans, 
including thio acids and derived forms as, for example, iS-ethoxy- 
ethyl mercaptan (83b). 

a-Ketonic acids show similar behavior readily; /3-ketonic acids 
less readily. Thioglycolic acid condenses readily with acetoacetic 
ester. The data are scarce but many extensions ought to be 
possible (78). 

Condensations with sugars are receiving a great deal of atten- 
tion. Thus methyl mercaptan and grape sugar will condense to 
glucose methyl mercaptal, CH,OH(CHOH) 4 CH(SCHj)*. This 
may go over to an alkyl glucoside. Arabinose, galactose, man- 
nose, rhamnose, xylose, lactose, rhodeose, fucose, and many 
others and their derivatives figure in these syntheses. 

Esterification. Esterifications have been accomplished directly 
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in many cases. Thus methyl mercaptan and formic acid form a 
methyl trithioester. It is not imperative to use methyl formate 
or formamide or chloroform in the presence of alkali, though such 
methods are also operable. This applies to both aliphatic and 
aromatic types (85, 82b). Both mono- and di-acetyl compounds 
are reported (85c, 85d, 85e, 85f, 85g, 57k, 34, 15). Occasionally 
an esterification fails, as e.g. that of allyl mercaptan with formic 
acid, but it is because of the instability of the mercaptan (821). 
An esterification with an inorganic acid, hydrochloric acid, is 
reported only for triphenylmethyl mercaptan, with the evolu- 
tion of hydrogen sulfide (53). This would be expected by ana- 
logy. An interesting ease is another such esterification of mono- 
thioethylene glycol with concentrated hydrochloric acid (19a). 
In this- experiment the alcohol group was esterified and the mer- 
captan group remained unchanged. This may not be a true basis 
for comparing the competition between the — SH and — OH groups, 
since the residual groups are not the same. The analogies under 
more comparable conditions have been tested, the limits follow- 
ing in general the relations observed with alcohols, though much 
lower. The stability of esters decreases with increase in molecu- 
lar weight (85h, 57k, 24a). The failure of mono esters to turn 
up in the case of formic acid is of particular interest, but it may 
be merely a matter of conditions. Furthermore, certain reactions 
of phenols which one may come across in attempts to esterify, as, 
for instance, with phthalic anhydride, to form either phthaleins, 
and a-hydroxyanthraquinone, or the AlCU condensation product, 
HOC6H4COC6H4COOH, have not produced their analogues as 
yet. The formation of jS-mercaptopropyl phthalimide from j8- 
aminopropyl mercaptan and phthalic anhydride indicates possi- 
bilities in this direction (86). It may also be noted here that 
reactions between some alcohols and some mercaptans to form 
sulfides, which are reversible, have also been considered as es- 
terifications, i.e. the mercaptan may be treated as an acid. Thus 
benzyl alcohol reacts reversibly with ethyl mercaptan forming 
the sulfide. On the other hand, benzyl mercaptan reacts irre- 
versibly with ethyl alcohol to form the ether (87). Thus, too, 
one may look upon condensations of mercaptans with aniline 
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to anilides (9) as another instance of esterificatipn with the mer- 
captan in the r61e of an acid. 

R&imer-Tiernann types. Condensations depending on the use 
of chloroform or carbon tetrachloride along with alkali have been 
worked out in some detail (88a). There is some analogy with 
alcohols and phenols. Thus mercapto acids may be made in the 
same way as hydroxy acids. Yet there may be some differences 
in orientation, and complications certainly do arise on account of 
ready disulfide formation from mercaptans or mercapto acids. 
Nor is the formation of salicylaldehyde from phenol paralleled 
with thiophenol, in which case an orthoformic ester is formed. 
The points of difference do illuminate the special problems of 
poor yields with oxygen compoimds, pointing to explanations 
based on analogies to the sulfur compounds, rather than vice 
versa. 

Ester exchange. By ester exchange we mean a condensation 
reaction in which substantially an esterification is accomplished 
by another ester (59a). This is illustrated by the equation. 

RSH + R'ONO = RSNO + R'OH 

Mercaptans react with organic nitrites to give a thionitrite 
and an alcohol or phenol (89). Even substituted mercaptans 
show this reaction, which we may guess is probably reversible, 
furnishing us directly with the oxygen analogue. 

Somewhat similar are the reactions (90) characterized by the 
equation 

M(SR)t + n NO (NO).-iMSR + NOSR 

in which M = Ni, Co, or Fe. For Fe and Co, n = 3; for Ni, 
n = 2. Besides the esterification there is the formation of a curi- 
ous metallic derivative. 

Condensations with acid chlorides and the like. Reactions with 
chlorides of inorganic acids parallel the oxygen types. Yet 
phosphorus pentachloride, for instance, when reacting with a 
mercaptan may form a sulfochloride in addition to an ester (91). 
NOCl reacts to form thionitrites (59a). Phosgene (92), or 
thiophosgene (92a, 92b), and esters of chlorocarbonic acid (93) 
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condense nonnally. Polysulfide types may be obtained by the 
use of phosphorus sulfochloride (94), thus 

3 RSH + PSCI, PS(SR)| + 3 HCl 


In the case of organic acid chlorides in conjunction with alkali 
we have numerous analogues of the Schotten-Baumann reaction. 
We have illustrations from among the simplest up to the most 
complex mercaptans. Other than sodium salts of the mercap- 
tans may be used. Occasionally the matter is complicated by 
ring closure (72), as in the case of /3-mercaptoisopropyl amine 
forming 4-methyl-2-phenyl-thiazoline when condensation with 
benzoyl chloride is attempted. Oxalyl choride has been used in 
a number of cases (96). Picryl chloride also leads to compli- 
cations due to ring closure with the reagent (85e). A peculiar 
case is found in the reaction with o-hydroxythiophenol in which 
“phenoxthin,” or 1,3-dinitrophenothioxin, is formed (97a), thus 



Further cases are too numerous to discuss (97, 85d, 82e, 82h, 74b, 
69h, 57b, 57g, 50, 33, 28, 27, 14, 11, 7). 

Types related to WUliamson’s reaction. The formation of sul- 
fides analogously to ethers from organic halides and sodium mer- 
captides has been investigated for a large variety of compounds 
(98, 97c, 97e, 97n, 85c, 85d, 85e, 82c, 82g, 82h, 81b, 73, 33, 10, 
9, 7, 3, 1). The reactions are not limited to sodium mercaptides. 
A frequent variant is found in the use of sodium ethoxide with 
the mercaptan and halogen derivative. It may be noted here 
that in some cases a complication may arise in that a sodium 
mercaptide will react directly with a mercaptan to form a sulfide, 
as seems to be the case in the reaction of cyclopentyl mercaptan 
and sodium ethyl mercaptide. This would lead one to expect 
analogies in the case of alcohols and phenols which remain to be 
discovered. 



STUDY OF MEBCAPTAN CHEMIBTBT 


513 


The halogen derivatives which may be used include chloroalkyl 
sulfides (97h, 82h) and sulfoxides (97h), chloroanthraquinones 
(97d), chlorohydrins (98x, 97n, 82c), and even chloromercaptides 
(98d), e.g. C«H4(N0»)SC1. In the interesting case of conden- 
sation with (SCN)s and RS — SCN, the SCN group shows behavior 
analogous to that of the halogen (98b, 98t). Thus o-nitrophenol 
with NCS-SCN yields C,H 4 (NO,)S SCN with the liberation of 
HSCN. /S-Naphthyl mercaptan and C,HsS-SCN yield HSCN 
and (CioH 7 )S-SCsH 6 . These products- may condense further 
with more mercaptan giving disulfides of higher molecular weight. 
Cyanogen iodide (11), somewhat analogously, will convert an 
— SH group to an —SCN group. On the whole, there is also no 
reason for not including amongst such condensations reactions 
with alkyl sulfates (98s, 85d, 85e, 73, 10), with sulfonic acids and 
esters (lOOe, 98r, 98v, 97c, 81b, 15) and with rarer reagents, such 
as benzyl nitrate (98p). All of these have been tried to some 
extent. 

Reactions with aryldiazonium salts, etc. Attempts have been 
made to parallel the action of phenols on diazonium compounds 
to form azo compounds. Aromatic mercaptans react with dia- 
zonium compounds to form diazothiophenol ethers which are 
converted readily to sulfides (99, 87). Disulfides are found as by- 
products and, in the not unusual contingency of an explosion, as 
the main products. There is a distinct contrast in these observa- 
tions which deserves a great deal more attention. 

Reactions with chloro adds, etc. Sulfide formation is the essen- 
tial background of condensations with chloro acids, which re- 
semble those given above for other chlorine-containing com- 
pounds (100, 98c, 97, 97j, 97k, 85e, 82j, 59h, 3). Esters of the chloro 
acids apparently do as well (lOOd, 93). To complete our list we 
would mention chloro- and bromo-ketones and an instance where 
diiododiethyl sulfone reacted analogously. Of more interest are 
the deviations from these standard forms, such as, for example, 
the reaction of benzyl mercaptan with ethylene dichloride and 
alcoholic alkali.' Surprisingly, the unsaturated BzSCH =CHSBz 
is formed, as if there were a momentary formation of acetylene 
(98c). Curious also is the inversion that may occur with par- 
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ticular mercaptans possessing unusual characteristics. An in- 
stance arises in the condensation of j8-aminoethyl mercaptan with 
ethylene chlorohydrin in which the hydroxyl group, rather than 
the chlorine atom, reacts with the hydrogen of the — SH group 
forming NHjCH*CH»S-CHj-CH 2 Cl. In all other cases observed 
chlorohydrin reacts by way of the chlorine atom. 

That sodium bisulfite may be split out in a condensation is il- 
lustrated by the combination of sodium anthraquinone sulfonates 
with mercaptans in the presence of alkali to form alkylmercapto- 
anthraquinones (lOOe, lOOg). An entirely similar splitting out 
of KNO 2 occurs when nitroanthraquinone is treated with a po- 
tassiiun mercaptide (lOOf). We know of no analogous reactions 
in the oxygen series. 

Ring closures. Several examples exist of aromatic mercaptans 
which on treatment with alkali form heterocyclic compounds 
(101, 97a, 86, 72, 57k, 27, 9). Such is o-( 7 -chloropropyl)-thio- 
phenol which forms a/3-benzopentamethylene sulfide or “thio- 
chroman” (lOld). 

Otherwise one may rely on more or less standard proce- 
dures. Thio amides and ethylene dibromide (101a, 101b, 72) 
dithioethylene glycol and benzal chloride or ethylene dibromide 
(lOle, 9), will yield ring structures. o-Aminophenyl mercap- 
tans and nitrous acid go to diazo sulfides (101), 

(C,H«)— N=--N 

\ / 

S 

In this group we may also place the conversion of phenyl mercap- 
tan to thianthrene 



in the presence of aluminium chloride (101c). Again analogy 
proves to be a safe guide. 
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4. Oxidations 

Oxidations by concentrated sulfuric add, nitric add, and the like. 
That the first step in the oxidation of mercaptans is disulfide 
formation and the last step sulfonic acid formation is well known. 
Yet the probable existence of sulfoxides and sulfones as interme- 
diate products is quite usually ignored. Concentrated sulfuric 
acid and even sulfur trioxide are reported to form disulfides only 
(97e, 69, 6), yet evidence is available that other products are 
also present, e.g. phenyl mercaptan yields thianthrene and pos- 
sibly diphenylene-p-disulfide and compoimds responsible for a 
blue color (103) . There is hardly any doubt that there is fur- 
ther action beyond simple disulfide formation, characterized by 
ring closures and polymerization (103, 101c). Our own work 
clearly indicates a similar situation for aliphatic types as well. 
In fact, it is possible to obtain parallel results with aluminium 
chloride, zinc chloride or phosphorus pentoxide once disulfide 
formation sets in (101c). It is also possible to take the stand 
that esterification of the mercaptans by the sulfuric acid pre- 
cedes the oxidation proper to disulfides, the ester formed break- 
ing up into a disulfide and sulfur dioxide (69j), i.e. 

(RS)jSOi -» RsS, + SOs 

Another postulate calls for the formation of thiosulfonic esters, 
RSO2SR (24b). Still another angle in oxidations with sulfuric 
acid is revealed in what seems to be trisulfide formation from 
free suKur originating from hydrogen sulfide and sulfur dioxide 
liberated, a reaction surmised to be 

2 ESH + 2 S -» R.S, + H,S 

The trisulfides are credited with responsibility for the corrosive- 
ness of naphthas (104). 

Oxidations with nitric acid, though frequent, have not been 
studied in detail (109, 106, 98a, 61, 32, 29). Thus the possibility 
of nitration seems to have been largely overlooked, except in a 
case in which fuming nitric acid has been used on 2,4-di(methyl- 
mercapto)-! -ethylbenzene to produce the monosulfoxide of 6-nitro- 
2,4-di(methylmercapto)-l-ethylbenzene (86e). Again, as in the 
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case of urea types functioning like mercaptans, the presence of 
nitrous acid along with the nitric acid would make quite a differ- 
ence (81a) . In dealing with arylimidazole mercaptans, nitric acid 
is responsible for the removal of the — SH group altogether (106, 
73). This reminds one of the same phenomenon when chromic 
acid is used jointly with sulfuric acid (107, 106). The combina- 
tion of nitric and sulfuric acids yields polymers in addition to sul- 
fonic acids (15), and there is no telling what aqua regia and the 
like may do. Mixtures of nitrogen oxides may be mild enough to 
yield sulfoxy compounds in some cases (98f, 98o), whereas nitro- 
syl chloride has been used gently to make disulfides (108, 96), 
But we have learned already that the latter also makes thionitrites 
(RSNO), which may be intermediates. One would also expect 
sulfuryl chloride to behave similarly if used mildly. More 
definite results may be expected with permanganate (109, 106, 
91) and especially hydrogen peroxide (110, 85b, 16b), but very 
little has been done along those lines. 

Disulfide formation in oxidation. If disulfide formation is an 
objective, one may even use copper sulfate (111, 23) or lead per- 
oxide (98f, 15). Phosphorus oxychloride (112, 97b, 96), tellu- 
rium tetrachloride (113), etc., may function to some extent as 
oxidizing agents, and ferric chloride and ferricyanides serve the 
same purpose (114, 107, 971, 97n, 53, 19a, 11, 10), This reveals a 
wide scope for inorganic oxidizing agents, quite a few of which 
have been made the subject of patents, since the odors of disul- 
fides are not as objectionable in naphthas as are those of mer- 
captans. 

Air is quite adequate in the production of disulfides from mer- 
captans (115, 98h, 5, 74a, 62, 62a, 57i, 57k, 52, 50, 33, 19,- 3). 
It is difficult to keep solutions of mercaptans in oil from oxidizing. 
This is particularly marked under alkaline conditions. On the 
whole, very little has been done in this field. When we consider 
that cysteine is oxidized to cystine by oxygen under biological 
conditions (74a) or in the presence or iron salts (114), and that 
there aie other balances of the same type in the body, one might 
wish thw much more had been done in this field. 

The pijace of oxygen in disulfide formation can be taken by 
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ozone (116) or by electrolytic generation of oxygen (117, 62). 
The most famous equivalent, however, is sulfur (118). The 
well-known “doctor sweetening” of oils consists of converting 
mercaptans to lead mercaptides by reaction with alkaline plum- 
bite solution. These are converted by free sulfur to disulfides 
and lead sulfide. Recently it has been shown that basic mercap- 
tides are formed, and even peroxide derivatives, but that the 
final effect due to the addition of sulfur is either a slow or a 
rapid conversion to disulfides. We might suggest that biochemi- 
cal research on similar reactions of compotmds containing an 
— SH group involving oxygen may draw some inspiration from 
the work with sulfur. Reaction of mercaptans with sulfur has 
yielded disulfides. 

Oxidations by halogens and halogen compounds. When we come 
to oxidations with halogens careful distinctions have to be made. 
Iodine seems to be the only one that can be relied on to yield 
disulfides only under alkaline conditions (119, 107, 106, 97g, 3). 
Bromine (120, 117, 971, 85c, 78b, 59h, 57j, 48s, 31, 19a, 15, 5) 
and chlorine (121, 120c, 98h, 98s, 97m, 57j, 53, 15) are likely to 
yield sulfobromides and sulfochlorides under acid conditions and 
may lead to sulfoxides, sulfones and even sulfonic acids under 
alkaline conditions. In the case of some complex mercaptans 
which are very easily oxidized we are not certain that even iodine 
may not lead to sulfonic acid formation, and bromine has been 
known to split off the — SH group altogether when in excess, 
e.g. 1,4-acetamidonaphthyl mercaptan forms 4-bromo-l-acetyl- 
naphthylamine (57j). Easily oxidized mercaptans, as p-phenyl- 
ene dimercaptan, form polymeric disulfides first and substi- 
tuted polymers subsequently (15). Conamercial application has 
been made of this type of oxidation to “sweetening,” or conver- 
sion to disulfides, by means of sodium hypochlorite solutions 
(121, 59j). This indicates that close control of conditions will 
segregate the various types of possible products, and where mix- 
tures have been obtained consistency may yet be introduced. 

Halogen-containing compounds such as sulfurylchloride (122, 
120, 98o, 96, 53), thionyl chloride (123, 118a, 96), the sulfur chlo- 
rides (124, 123a, 118a, 92a), and even chloropicrin (125) exert an 
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oxidizing action in a variety of ways. The sulfur chlorides yield 
polysulfides, which are described as “not sweet” products. Tri-, 
tetra-, and penta-sulfides are on record. A distinction has been 
made between mercaptans on the basis of their reactions with 
sulfur monochloride (124c). A “real” mercaptan is one that 
reacts without liberation of sulfur; a “potential” mercaptan is 
one that reacts with liberation of sulfur. The distinction is 
illustrated thus : 

2 CHjCHjSK + SjCU -> (CH,CH),S==S + 2 KCl (real mercaptan) 

2 (C.H,)C(=NH)(8K) + S,C1, -> S(C,II.C : NH), + 2 KCH- 3 S 

At the same time, it seems that if sufficiently diluted the mono- 
chloride may yield the disulfide. Thionyl chloride has been 
used for polysulfide formation. Sulfuryl chloride, however, 
yields disulfides mixed with sulfochlorides. In this instance, the 
sulfochlorides probably condense with mercaptan to form the 
disulfides: 

RSH + R'SCl -» RS • SR' 

Chloropicrin normally produces disulfides, but it may also form 
compounds of the general formula (RSlsCOR (SR )3 through loss 
of nitrous acid in the course of such oxidations. 

Miscellaneous oxidations. Miscellaneous oxidation reactions 
abound. At times there are ring closures in complex cases ( 1 25a) . 
We find diazobenzene chloride leading to disulfide formation (99). 
So may hydroxylamine (120), aryliminomethylenesulfoxylic acids 
(126), sulfinic acids (102b, 31), disulfoxides (123a, 31), formalde- 
hyde sulfoxylate (126, 2) and chlorosulfonic acid (127, 59). This 
means that mercaptans are good reducing agents. They re- 
duce, as a further instance, quinone to hydroquinone forming 
probably thio aldehydes (128). Even sulfur dioxide may act as 
an oxidizing agent with reference to mercaptans. In the pres- 
ence of hydrogen chloride, sulfur dioxide may be used to make di- 
sulfides and even trisulfides (129, 123a). Polysulfide formation 
by oxidation with what we are accustomed not to consider as 
oxidizing agents may also be obtained with thionyl aniline, 
(CeHeNSO), and diethylaniline sulfide (130). 
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Many interesting problems arise in this field. When we note 
sporadic observations such as the formation of hydrogen perox- 
ide in the autoxidation of mercaptans and the formation of 
peroxides by mercaptides (131), we feel that only a beginning has 
been made in the study of the oxidation of mercaptans. Even 
though we have but little as yet upon which to found analogies 
with phenols and alcohols, the possibility is being opened up (132, 
130, 118d, 117, 98e, 30a, 28). 

5. Miscellaneous reactions 

Mercaptans react with alkyl magnesium halides to produce 
alkylmercapto magnesium halides and hydrocarbons (133). This 
is in line with the analogous behavior of alcohols in Grignard con- 
densations, Ethyl mercaptan, ethyl magnesium bromide and 
benzoyl chloride yield ethyl thiobenzoate; if ethyl chloroformate is 
used, ethyl thiocarbonate is obtained (133a), Synthetic build- 
ing up of mercaptans may be accomplished as in the case 
of alcohols. 

Substitution of -SH hydrogen together with substitution in 
the ring takes place when aromatic mercaptans are treated with 
chlorine in chloroform or carbon tetrachloride (120c, 98h, 34). 
There may be simultaneous oxidation to halogen-substituted di- 
sulfides. We have already remarked that excess halogen may 
cause the entire loss of the — SH group in complex mercaptans 
(98h). Somewhat puzzling then, is the reported formation of 
ethyl bromide from ethyl mercaptan and bromine (19b). It is 
quite to be expected however, in the case of the curious mercapto- 
silicon chloride, SiCljSH, which gives SiClsBr(196). 

A “Gabriel” reaction (134, 120a, 101b), amounting to the 
conversion of one mercaptan to another, is illustrated by the case 
of the reaction of A'-( 7 -mercaptopropyl)-phthalimide with fum- 
ing HCl in a bomb tube: 

CO 

/ \ 

C.H4 

\ / 


N(CH,),SH C,H«(COOH), + HSCH,CH,CH,NH, 
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Mercaptoamines are thus formed. This parallels aminoalcohol 
formation. 

Stress should be laid on the observed substitution of — SH 
groups, not only because of the apparent analogy with alcohol 
chemistry, but aJso because of the similarity to reactions in which 
an — SH group is hydrolyzed off, as it were, with the formation 
of hydrogen sulfide (135, 120c, 57, 53, 9, 3). Thus the same 
SiCUSH on treatment with alcohol yields hydrogen sulfide (19b), 
while triphenylmethyl mercaptan loses hydrogen sulfide on treat- 
ment with cold concentrated sulfmic acid, boiling acetic anhydride, 
dilute alkali, sodium ethoxide or even alcoholic silver nitrate (53). 
The last reaction shows an analogy with alkali hydrosulfides, 
since silver sulfide is formed. Removal of — SH groups by simi- 
lar mechanisms is possible with alcoholic ammonia or potassium 
hydroxide at elevated temperatures in some exceptional t3^es, as, 
for example. 


SH 

/ 

p-CH, • C,H4C0 • CH : C (9) 

\ 

SH 

Simple hydrolysis with water alone at elevated temperatures 
has also been reported, at least for ethyl mercaptan. 

A claim has been made that mercaptides react with disulfides 
(97f) in a kind of rearrangement: 

R'SSK' + 2 R'SK -» 2 R'SK + R'SSR' 

Such shifts may not be imcommon. Another phenomenon which 
has received practically no attention is the possible polymeriza- 
tion of mercaptans (74b). 

A rather imusual reaction, too, is the reduction of substituted 
persulfides (RSSH) to simpler mercaptans (RSH) by sodium ar- 
senite or potassiiun cyanide (136). 

A large variety of analogies may be suggested for research. 
These would be parallel to pinacoline transformations, such as 
the transformation of di-primary, primary-secondary, primary- 
tertiary and di-tertiary dimercaptans to thio ketones. One mig^t 
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parallel the dehydration of aromatic alcohols mixed with aromatic 
hydrocarbons, e.g. the reaction of benzyl mercaptan and benzene 
in the presence of sulfuric and acetic acids to form diphenylme- 
thane, or the similar reaction to synthesize triphenylmethane. 
There should be analogues of the condensations with the “me- 
thane carbon atom,” such as that of phenol, oxalic and sulfuric 
acids to form aurin (HOC«H 4 ) 4 C=C 6 H 4 = 0 . Condensations of 
anthrol derivatives suggest numerous possibilities in the dye 
field. Some of the simpler reactions need investigation, as, for 
instance, the formation of the analogue of resorcin green, which 
is formed by the action of nitrous acid on resorcinol, or the forma- 
tion of dinaphthols by the action of ferric chloride on the naph- 
thols. One may expect a material increase of our knowledge 
contributory to analytical detection and to practical utilization. 

To augment our list of reactions, untouched or practically un- 
touched, we may mention possibilities that suggest themselves in 
the reduction of phenol to hexahydrophenol, oxidation of side 
chains of phenols, reduction of hydroxy acids by hydrogen iodide, 
direct replacement of groups, as Cl or -—NH*, by —OH, Skraup’s 
synthesis, Kolbe and Schmitt syntheses, and syntheses of hy- 
droxy acids, as illustrative of a host of not only analogies, but 
also contrasts. 

in. METHODS OP PBEPAHATION AND PUBIPICATION 

1. Occurrence and isolation from natural products 

Methyl mercaptan has been reported in numerous biological 
sources, in fresh roots as well as in decomposing organic matter 
(137). Ethyl and isoamyl mercaptans seem to be normal by- 
products in the metabolism of yeast or micro-organisms (138). 
The reason why other homologues have not been reported lies 
probably in the qualitative way in which the matter has been 
approached. If we include thio acids, sulfur-containing amino 
acids as cysteine, glutathione, in our fist, the — SH group becomes 
almost omnipresent (139). Coagulated egg white gives the nitro- 
prusside test (139c). A thio sugar of known constitution has 
been foimd in yeast. It is even stated that insulin’s physiological 
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activity depends on the sulfur part of the molecule. If we con- 
sider the multiplicity of reactions possible in the decomposition 
of these more complex compounds containing — SH groups and 
the patent fact that simpler mercaptans do form readily in the 
metabolism of such foods as asparagus or spinach (137b, 137c), 
it is not surprising that petroleum, its distillates, shale oils and 
coal tar distillates are good sources of mercaptans, since they 
ultimately originate from living matter. 

The isolation of mercaptans from natural sources, if it be merely 
a matter of scientific interest, can be accomplished by a judicious 
choice of reactions. Industrially, aqueous caustic soda is em- 
ployed to remove the lower aliphatic mercaptans and some thio- 
phenol, and hence these washings may serve as a limited source of 
of these mercaptans. Mercaptans can also be recovered from 
refinery acid sludges in which they dissolve as such, especially 
at lower temperatures. Quantitative separations in the form of 
mercury derivatives and the like, are, of course, possible, even if 
they are not practised. 

Synthetic methods 

Direct introdziction of -- SH group by substitution. The most 
obvious approach in the synthesis of mercaptans is the substi- 
tution of an inorganic radical already present in an organic com- 
pound by an — SH group from an inorganic source, such as 
hydrogen sulfide, a sulfide, or a hydrosulfide. The simplest 
case reported recently is the formation of ethyl mercaptan from 
ethyl iodide and aqueous hydrogen sulfide (140). This takes 
place even in acid solution and is accelerated by the presence of 
precipitated sulfides or other adsorbing agents. Rather un- 
expected is the reaction of hydrogen sulfide with silicon tetra- 
chloride leading to the formation of SiChSH (19b). Apparently 
one might expect analogies to appear in the inorganic field 
as well. 

Reactions with hydrosulfides have been practised on the most 
varied t3T)es of halogenated compounds even to the extent of 
determining the orientation of entering — SH groups (141, 132a, 
114b, 105f, 98u, 78b, 74b, 67d, 53, 51, 29, 27, 19). Thio acids 
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(141p, 119e, 119f, 111, 57i), thio sugars (141c, 141r, 141s, 141t), 
thiopurine derivatives and the like (141b, 141e, 141m, 110b, 981, 

98q, 57g, 33), have been made by such procedures. We should 
like to point out that it is often overlooked that there may be 
other products formed, as, for instance, dithio acids in the thio 
acid syntheses. It is also possible to get polysulfides, as, for in- 
stance, triethylene disulfide dimercaptan and more complex com- 
pounds in the reaction of ethylene bromide with KSH (115d), thus 

S— CtHi S— CjHi— S 

/ \ / 

CiH^Br, + KSH CAfSH). + (CsHdiStfSH), + CJh S + CjH4 

\ / \ 

S— C,H4 S— CjHi— S 

Variants on direct use of hydrosuljide. The conditions are often 
varied, sodium sulfide being used instead of the hydrosulfide; nor 
is it necessary to work with a halogen derivative (142, 141g). 
Thus, analogously to the potash fusion of sodium benzenesul- 
fonate to obtain phenol, one may get a small yield of thiophenol 
by the use of potassium hydrosulfide. A general method has 
been reported whereby alcohols are treated with red phosphorus, 
moist sodium sulfate and sodium sulfide, and bromine (143) . This 
is essentially a modification of the above procedures, with the 
curious fact that the sodium sulfate is a source of sodium sulfide 
or hydrogen sulfide: 

6 ROH + 3 Br, + 2 P 6 RBr + 2 P(OH), 

4 P(OH), + Na,S 04 Na,S + 4 H JO 4 

Na,S + H,P04 Na,HP04 + H.S 
RBr + H,S RSH + HBr 


The yields are good. 

In the same class we may put reactions whereby an — NH* 
group is replaced by — SH by diazotizing and treating with an 
alcoholic sulfide or hydrosulfide to liberate nitrogen. Better 
yields are obtained if the diazotized compound is first treated 
with a xanthate or a thiosulfate and then hydrolyzed. In some 
cases the use of xanthates to react with the halogen derivative 
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can be made direct. On hydrolysis the mercaptan structure is 
opened up (144, 141k, 98s, 92a, 8). 

Addition of hydrogen sulfide to unsaturated compounds, and reac- 
tions voith alcohols and the like. Before we go on with cases of this 
sort we stop to consider the cases in which hydrogen sulfide has 
been used to add to unsaturated compounds. Strangely enough, 
direct addition to olefins has not been investigated, although ethyl 
mercaptan is mentioned as a by-product in the reaction of acety- 
lene with hydrogen sulfide at 425-50° (145). Indirectly this is 
accomplished when alcohols are passed over thorium dioxide with 
hydrogen sulfide at temperatures at which olefins may form 
(146, 58). There is also reason to believe that alcohols may be 
sufficiently dehydrated by concentrated sulfuric acid to react 
with hydrogen sulfide to form mercaptans, at least of the ali- 
phatic series (41). In the case of sugars the — SH group may 
be introduced by means of hydrogen sulfide in the presence of 
pyridine (141i, 141s, 84, 42). Furthermore, esters may be simul- 
taneously hydrolyzed and caused to react with hydrogen sulfide 
to form mercaptans (87). A very interesting case of a more 
complex nature is the conversion of the corresponding — OH com- 
pounds to the carbothiols of malachite green and of crystal violet 
merely by the action of hydrogen sulfide (13a). We also think 
it proper to surmise that the formation of mercaptans in fermen- 
tation may be due to the reaction of alcohols with hydrogen sul- 
fide. It may not be safe to speculate that wherever water adds 
to yield hydroxy compounds, hydrogen sulfide will add to yield 
mercaptans, yet we can cite cases in which such similarities are 
well indicated. Benzalacetophenone will add hydrogen sulfide 
to form a sulfhydrin (147) ; with favorable structures a ~C=N— 
group will add hydrogen sulfide to form a mercapto compound 
(125a), and the like. 

It is but a small transition from the above to cases where 
phosphorus sulfides have been made to react with hydroxy com- 
poimds (148), such as phenols (141m, 132b), carbostyril (16b), 
hydroxyquinaldine (16b), and benzohydrol (148a), to form the 
corresponding thiols. Aluminium sulfide and hydrated sodium 
sulfate (57) constitute a reagent somewhat analogous to that 
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acting in the instances in which hydrogen sulfide reacts as it is 
formed. 

By various hydrolyses. Very numerous are the cases in which 
the mercaptans are obtained finally by the hydrolysis of some 
compoimd which may itself be a synthetic mercaptan. We have 
mentioned the Gabriel reaction for aminomercaptans, but it 
need not be restricted to this type and is applicable to the forma- 
tion of dimercaptans (134, 120a, 101b, 86, 72, 3). Xanthates 
and xanthic acids can be hydrolyzed to mercaptans or mercapto 
acids (149, 144, 144a, 144b, 144c, 141f, 119f, 98s, 93, 8). Hy- 
drolysis of mercapturic acids gives cysteins (137g, 74a). Hydrol- 
ysis of cystine derivatives yields mercaptans (150). Many 
thioglycols have been made by the hydrolysis of thiourethans 
(14). Thus, 

NH, • CS • S(CH,)nS • C : S • NH. + 4 KOH -♦ 2 KSCN + KS(CH,)nSK. 

Ring closures may occur (151, 120a, 106, 97g, 12, 10), such as 
when acetylallylarylthioureas on refluxing with dilute hydro- 
chloric acid yield arylimidazole mercaptans (73). Rings are 
opened up also, as when diphenylthiohydantoin yields on hy- 
drolysis thioglycolic acid (152). 

Hydrolysis of /3-ethylmercapto-crotonic acid ethyl ester favors 
preferentially the splitting off of a mercaptan (100a). In the 
case of a compound like C»H 4 (NO*)(CHSCONH,) (156), hy- 
drolysis leads to the formation of a mercaptan. We may men- 
tion as sources of mercaptans such compounds as CC1» — C(SCH») 
(NH-HCl) (76), mercaptotiiarylcarbonium salts (153), esters 
of thio acids (96), the addition compound of dimethyl sulfate 
with thiourea (154), and thiourea derivatives (154a, 107, 21a), 
phenylthiomethyl acetate (98f), phenylsulfoxyacetic acid (155), 
thio esters of thiophthalic acid (141o), the diacetone compound 
of 3-thioglucose and the like (158, 141c, 141s, 141t, 132j, 84a), 
thiourethan glycoside (14), mercaptals (84), ethyl trithiocarbonic 
acid (144), and types like (CJl6S),C(CH,)(CH,COOCJI«) (78). 
Add to this heterogeneous group the hydrolysis of Grignard 
reagents containing sulfur, usually made by the use of free sul- 
fur, to obtain quite a variety^of mercaptans (157, 141, 133, 117, 
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30, 30a, 26). A very general equation, representing hydrolysis 
of thiosulfocarbamates (6), is expressed by 

SR 

/ 

2 NH==C + 6 KOH 2 R8K + R^ + NH, + CNK + (COOK), + 2 H,0 

\ 

SR 

and still another involving thio acid esters (6) ; 

NH 4 CS • SR -> NCSH + HSR 

Rather unusual are conversions of thiocyanates to mercaptans 
by concentrated sulfuric acid (159,1). Dimethyl sulfate in very 
exceptional cases can be made to remove an — SH group from a 
compound to form methyl mercaptan (125a). The group 
— SCOCJH* can be converted to an — SH group by ordinary 
hydrolysis when appearing in ring compounds (156). 

There remain also a few cases where drastic action which may 
be considered as hydrolysis leads to mercaptan formation. Such 
is the formation of o-thiocresol from thionaphthene (160) and the 
decomposition of disulfides to mercaptans and sulfonic acids 
along with other products by caustic potash (161, 124e, 102b). 
More complex variants will not be discussed here (162). 

By reductions. Quite as important are numerous cases in 
which mercaptans have been synthesized by reducing some other 
compoimd. The disulfides, if available, are very convenient 
(163, 146b, 138d, 117, 114b, 101, 97, 97m, 82j, 57m, 9c, 8c, 6). 
As reducing agents we find alkali sulfides (136, 132i, 124e, l(K)b, 

31, 19a), glucose in alkali (163, 97n, 82b), zinc dust in alkali or 
acid (161b, 123a, 115b, 98r, 97j, 35, 15), active aluminium (163a, 
163i), sodium (163d, 97i, 97j, 82h), tin and acid (82b), electroly- 
sis at the cathode (114a), the Grignard reagent (30), mercury 
with or without chloroform (163b), and mercaptides themselves 
(97f). It is doubtful whether sulfides as a class are reducible by 
such means to mercaptans, yet exceptions seem to exist in the 
case of o-nitrophenyl sulfide and sulfides of the type CJIsCH* — 
SCHjCOR (164). In the latter cases benzyl mercaptan has been 
obtained by reduction with sodium, zinc and acid, and even hy- 
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droxylamine hydrochloride (97j). We are not prepared to say 
whether these are really exceptions, since the field has not been 
widely investigated. The reduction of tri- and tetransulfides 
to mercaptans, which takes place with the same reagents as the 
disulfides, is more easily understood (123a, 82h). 

Other compoimds that are reducible to mercaptans are sul- 
fonic acids (165, 121a), thiosulfonic acids and their esters (165, 
161c), and sulfochlorides derived from sulfonic acids (166, 157b, 
119c, 115, 114c, 102c, 100, 100c, 98e, 98h, 97, 97e, 85c, 85d, 85e, 
67, 59i, 57j, 57k, 34, 32, 11) either under acid conditions with 
metals or by electrolysis (167, 117, 115c, 114a). Sulfonamides 
may be reduced by hydrogen iodide and phosphorus (168). 
This list may be expanded to include sulfoxides (169, 161c, 115b, 
105b, 99a, 31), sulfinic acids (170, 119c, 115b, 82g, 16) and sul- 
fenic acids (171) and their derivatives, alkyl hyposulfites (172, 
132e) and thiocyanates (159a, lOOg, 19), sulfoxylates (2) and 
sulfardlides (167b). Of some special interest is the reduction by 
aniline of compounds of the type RSCCl*, where R is an aromatic 
radical, to mercaptans of the aromatic series with the formation 
of triphenylguanidine as a by-product (173, 132g). Little ex- 
plored has been the reduction of ring compounds containing sul- 
fur to mercaptans. Thus from a knowledge that thionaphthene 
is reducible to o-ethylthiophenol (174), or that toluylene diazo- 
sulfide 



is reducible to l-methyl-4-amino-3-mercaptobenzene (175) 



we can visualize many possibilities of] the similar opening up of 
sulfur-containing rings. 

By reaction with stilfur. Reaction with sulfur may serve as a 
means of forming mercaptans. Sulfur reacts with benzene in the 
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presence of aluminium chloride to form phenyl mercaptan (176, 
118e). It reacts similarly with phenylhydrazine (177), diphenyl- 
amine (178), and aminodiphenylamine (178). The reaction of 
sulfur with hydrocarbons unquestionably yields mercaptans, but 
the matter has been taken up only very qualitatively, and, to 
judge from the number of cases in which they have not even been 
looked for, rather carelessly. 

By thermal or similar decomposition. A few instances are 
available in which thermal or similar decomposition by scission 
serves as a source of mercaptans. These might have a very im- 
portant bearing on the frequently observed evolution of hydrogen 
sulfide and mercaptan formation on heating crude petroleum or 
its fractions whether they have been refined or not. Mercaptides, 
sulfides and disulfides are definite sources of mercaptans (179, 
124d, 98c, 77, 57c, 57f, 32a, 7). Sulfonic and thiosulfonic acids 
and their derivatives, sulfoxides, sulfocyanacetic esters, and 
iminothiocarbonic esters, (IlS)sC:NH, have also been mentioned 
(182, 162f, 162h, 155, 115a, 78, 59f, 6).. In a theoretical fashion 
derivatives of thiourea and xanthates have been studied (180, 
162e, 151c, 149, 81a, 28, 6). Observations of mercaptan evolu- 
tion have been made occasionally in attempts to distill complex 
sulfur compounds (181, 148c, 128a, 971, 77). In these cases there 
seems to have been established a definite tendency for alkylmer- 
capto groups to be split off on heating as component parts of 
simple mercaptans provided a hydrogen atom is available. 
Simple fundamental investigations are conspicuously absent. 

By condensation. Condensations may be called upon in mer- 
captan syntheses. An interesting type is represented in the 
formation of phenyl /3,i9-dimercaptovinyl ketone from acetophe- 
none and carbon disulfide (97c, 9), thus 

CeH,COCH, + CS, + 2 KOH C,H,COCH=CS + KiS + 2 H,0 

C,H.COCH : CS + KiS -» C,H.COCH==C(8K), 

Similar condensations are possible with acetone dicarbonic acid 
ester, hydroxyquinoline derivatives (183), sulfocarbazinic acids 
(RNH-NH-CS-SH) (57a), ketones like a-thienyl methyl ke- 
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tone (9). Xanthates may be used in these reactions, which 
serve also as a basis for s}mthesizing mercaptothiazolines. Thiu> 
rets and alkyl iodide addition compounds of urea with primary 
and secondary amines furnish mercaptans (184). We find a few 
instances of direct condensation with carbon disulfide. Thus, 
potassium azide reacts to form potassium azidodithiocarbamate, 
KS-C(:S)*N», which has a mercaptan structure (57e). The 
general reaction RHgOH-i- CS* —* RHgSH + COS has also 
been noted (180a). The substances RHgSH may be considered 
as mercaptans. Mercaptothiazohne formation (151b, 120a, 97g) 
may also be illustrated simply for the case of 4-methyl-2> 
mercaptothiazoline from propylenunine, thus 


CH,— CH 


\ 


CHr— CH— N 


CH, 


/ 


NH + C8, 




CH — S 




C— SH 


Ring closure, too, is thus illustrated (151, 151a, 151b, 151d, 
151e, 106, 97g, 10). More attention, too, should be paid to the 
relatively easily carried out reaction between hydrogen sulfide 
and formaldehyde (185) which is said to result in the interesting 
stable substance, methylene mercaptan, CH,(SH),. This is in 
striking contrast with the instability of two —OH groups on the 
same carbon atom. On the other hand, we may remark here, 
all efforts to make NH,SH have failed (186). Amongst the 
curiosities are also the “thioprussiamic acids” (187), obtained 
by the reaction of thiomea with ammonium thiocyanate, for 
example, 

(NH,), : (CN), • NH • (CN),(NH,) (SH) 


Another type which is receiving a little attention is that repre- 
sented by the formula RCSSH, dithio acids or carbithionic acids 
(161a, 136). They may be made from aldehydes and hydrogen 
persulfide directly (141q), e.g. 

C.H,CHO + H& CiHtCSSH + H,0 


and are stronger acids, as a rule, than acetic acid. Alternative 
approaches are to be found in the production of dithioformic 
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acid from chlorofonn and potassium sulfide (141p), or the forma* 
tion of CjHsSSH by reducing sodium ethyl thiosulfate with 
potassium sulfide (136). These dithio acids may serve as sources 
of simple mercaptans, siuce they may be reduced by such reagents 
as potassium cyanide or sodimn arsenite (136). 

It is apparent that the scope of s}mthetic methods may be 
expanded a great deal by pa3dng closer heed to suggestions from 
oxygen chemistry. Analogies should be attempted, for instance, 
to aldol condensations and the Cannizzaro reaction, and to vari- 
ous means employed for reducing aldehydes, ketones, and quin- 
ones to alcohols, glycols and phenols. Thio aldehydes should 
add hydrogen cyanide, and then become convertible to thio 
acids. To mention but a few prospects, it should be possible to 
prepare mercaptocitric acid, to parallel the closure of phenyl- 
isocrotonic acid to a-naphthol, to prepare thiopinacones, or to 
obtain exact analogies of the two types of hydrolysis of aceto- 
acetic ester. But, perhaps, most important of all would be a 
re-examination of the old data with a view toward making them 
more valuable from both the practical and the scientific view- 
points. 


IV. DETECTION AND DETERMINATION 

A few color tests are described, none of which, however, has 
been elaborated. The reaction of nitrosylmercaptides with nas- 
cent nitrous acid is said to distinguish primary and secondary 
aliphatic mercaptans by the formation of a red color (188). 
Tertiary and aromatic mercaptans as well as thio acids give a 
green color turning to red. For triphenylmethyl mercaptan a 
sensitivity of 1:7500 is given. Ethyl nitrite or N»0« also give 
red colors (189). Chloropiciin, bromopicrin and tetranitromo- 
thane (190) have been used to distinguish between ethyl mercap- 
tan and ethyl sulfide, but not too successfully. There is also 
much to be desired in the study of color changes on the addition 
of concentrated sulfuric acid (150, 9). All we can say is that 
they are many, — the usual gamut being from green to blue. A 
similar situation exists with tests with ferric salts (191, 141h, 
141j, 119f). Mercaptans proper and thio acids should yield 
deep reds, yet o-mercaptocinnamic acid gives a deep green (191). 
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Identification by derivatives has fared considerably better. 
Many mercaptides (192, 102a) have been described, as well as 
mercaptals, mercaptoles (192h), and the like. 3-Nitrophthalic 
anhydride has been stron^y recommended for this purpose (193). 

Some efforts have been made to develop alkalimetric titration 
of aliphatic mercapto acids (194). If one has favorable con- 
ditions there are available titration methods with iodine and 
alkali (195, 44a), permanganate (52), or silver nitrate with am- 
monimn thiocyanate (196). If only mercaptans are present, 
lamp sulfur determination may be made if no great accuracy is 
required (57n). A method not sufficiently well-known is one 
based on the reaction of a mercaptan with methyl magnesium 
iodide (197). Methane is formed and its voliune is measured: 

RSH + CHJtfgl CH« + RSMgl 

The chief weakness of all the methods reported here is that they 
require particularly suitable conditions for their execution, and 
that they have not been tried on a sufficient variety of mercaptans. 

We may add for completeness that it is possible that mercap- 
tans may be of use as analytical reagents. A hint to that effect 
is to be found in the fact that thioacetamide may be used as a 
reagent for arsonic acids (198). From a knowledge of the char- 
acteristics of mercaptals and mercaptoles, mercaptans may serve 
as reagents for detecting and determining aldehydes and ketones 
(192h) . In fact many reactions of mercaptans may be so adapted. 

V. SPECIAL INTBEB8T8 ATTACHING TO MBBCAPTAN8 

We have mentioned the special interest that attaches to the 
study of the behavior of the — SH group in biological chemistry. 
The physiological effects, which may be serious, have been amply 
described (199). Severe irritations may occur from contact 
with liquid mercaptans, whereas vapors cause giddiness and head- 
ache. A remarkable effect on the eyes is the involuntary droop- 
ing of the lids accompanied by a protracted sensitivity to light. 
And yet mercaptans have been reported in the skin itself I Met- 
abolic experiments are being multiplied, but the acme of interest 
lies in the regulative action in cell metabolism of compounds con- 
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taining mercapto groups, particularly reduced glutathione, cyst- 
eine and thioglycolic acid, when present in equilibrium with the 
disulfide forms (200, 137d). Additive compounds of the two 
forms have been postulated, peroxide formation has been asserted 
and denied, and the nature of the oxidations that go on has been 
studied from the point of view of autocatalysis. We cannot 
review the mass of data which is being accmnulated, mostly be- 
cause of its chaotic condition, but we would point out that the 
— SH group has been involved in discussions of topics from the 
fertilization by spermatazoa to the cure of cancer. 

An outgrowth of such interest is the application of mercapto 
compounds to therapeutic uses (201) and even to synthetic food 
problems (202, 163h). Amino metal mercapto compounds, such 
as the sodiiun salt of 4-acetylamino-2-argentomercaptobenzene- 
1-carboxylic acid, are useful in spirochete infections. Metal 
mercapto acid esters are also used. The addition compound of 
a-furfuryl mercaptan Tvith the Grignard reagent has been used 
to S 3 mthesize derivatives showing vesicant action (35). We have 
already mentioned the weU-known syntheses of soporifics from 
mercaptals and mercaptoles. Therapeutic use has been made 
also of the metallic compounds of thioglucose (203). Quite en- 
gaging, too, is the discovery that furfuryl mercaptan and ct- 
hydroxymethylfinfuryl mercaptan and their disulfides make a 
synthetic coffee aroma (202). 

In synthetic work a varied use of mercaptans may be found. 
Optically active amyl mercaptan has been used for racemic split- 
ting of sugars (204). The greatest use of mercaptans, of course, 
has been as intermediates in the synthesis of dyes, particularly 
vat dyes. Thus, the anthraquinone series has been pretty well 
covered and thioindigos are derived from thio acids (205). Amino 
thiophenol serves as the starting point for indamine colors (206). 
Of some importance is the observation of the bathochromic ac- 
tion of the methylmercapto group in azo dyes (206). To deepen 
shades it is, therefore, often desirable to obtain a mercaptan and 
methylate it. The rubber field as well claims efforts in the di- 
rection of synthetic mercapto compounds (207). The mercapto- 
benzothiazoles stand out in importance, but it is highly probable 
that others will be found. 
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A vast field for the production and conversion of mercaptans is 
to be found in petroleum technology. If all the mercaptans 
present in unrefined naphthas in this country were to be recovered 
there would be available, conservatively, from 150 to 200 tons 
of mercaptans per day. Many a process could be evolved for 
their utilization if more attention were paid to the fimdamentaJ 
chemistry of at least the relatively simpler ones found in petro- 
leum. One would go far beyond such applications as mingling 
mercaptans with illuminating gas (about ten poimds per miUion 
cubic feet) to detect leaks and the like (208). It is rather sur- 
prising that of scores of patents for ‘'sweetening” oils, almost all 
deal with the conversion of mercaptans to disulfides and not their 
removal (210, 209, 1 18, 54) . Caustic washing removes completely 
only methyl and ethyl mercaptans. As for the rest they travel 
on to be consumed in gasoline or to be treated out by wasteful 
chemical means. 

We should like to close our review with the prediction that we 
are only at the threshold of a renaissance of interest in mercaptan 
chemistry. 

VI. CONDENSED LIST OF SUGGESTED RESEARCH PROBLEMS 

1. A critical examination and determination of fundamental 
physical constants of representative mercaptans. 

2. Studies on physical state, association, light absorption and 
scattering, etc. 

3. Thermodynamic data on a selected series. 

4. Physical studies on conductivity, dielectric behavior and 
ionization. 

6. Study of hydrate and addition compound formation. 

6. Adsorption on surfaces. 

7. Distribution between solvents. 

8. A detailed investigation of thermal decomposition. 

9. Decomposition by physical agencies other than thermal. 

10. Comparative study of principal reactions, such as esteri- 
fication, of alcohols, phenols and mercaptans from a physico- 
chemical point of view. 

11. Quantitative investigation of mercaptan-disulfide equilibria 
in oxidation-reduction systems. 
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12. The autoxidation of mercaptans and peroxide formation. 

13. An investigation of the mechanism of decomposition reac- 
tions which lead directly to the formation of mercaptans. 

14. Study on orientation of substituting groups in aromatic 
mercaptan types and the like to determine relative influences. 

16. Development of analytical methods with a view toward 
extending them and rendering them more useful in research. 

16. Development of methods for the complete extraction and 
fractionation of mercaptans from commercial sources. 

17. Utilization of commercially extracted mercaptan mixtures. 
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